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I • GENERAL 'l:NTRODUCTION 
The vital function of the adrenal glands has been recognized for 
over one hundred years. In 18,5, Addison (cited by Thorn, 1942) de-
scribed a clinical syndrome which resulted from adrenal gland destruc-
; 
tion by tuberculosis. The following year, Brown-Sequard (cited by 
Thorn, 1942) demonstrated that the removal of both adrenals was promptly 
followed qy death of the experimental animal. 
The importance of the adrenal cortex and the relative unimportance 
of the adrenal medulla in maintaining life was indicated by several 
different approaches. Wheeler and Vincent (1912, cited by Houssay and 
Lewis, 1923) completely removed the left adrenal of a dog and exoised one~ 
half of the right adrena 1. After cauterizing the medulla, the animal re-
mained in good condition and had a longer life span than bilaterally 
adrenalectomized controls. Houssay and Lewis (1923) scooped out the ~~.~A{ 
medullas of dogs and found that the animals remained in good health. 
""1iistological examinations proved that all the medulla had been destroyed; 
however, chromaffin tissue found outside the adrenal medulla was not' 
oonsidered as a possible source of life-maintaining hormone. Wislocki 
and Crowe (1924), recognizing that non-adrenal chromaffin tissue might 
be important, removed surgically all the abdominal chromaffin tissue 
in addition to destroying the adrenal medulla with radium. They found 
that as long as one-fifth of one adrenal cortex was unharmed the animal 
remained in good condition. 
Other evidence mustered to show that the medulla is relatively 
unimportant in maintaining life includes the following observations:' 
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(1) epinephrine did not maintain life in a bilaterally adrenalectomized 
animal (Banting and Gairne, 1926J Hartman, 1926») (2) denervation of 
the medulla caused a disappearance of adrenalintin peripheral blood, 
but no effect was observed on the survival of dogs (Stewart and Rogoff, 
1917) J (3) extirpation of the inter-renal bodies of elaslT10branehes 
(which correspond to the adrenal cortex in mammals) caused death, even 
though chromaffin tissue still remained (Biedl, 1913; Kisch, 1928; both 
cited by Hartman and Brownell, 1949); and (4) destroying cortical oell 
integrity with a freezing ethyl chloride spray killed healthy rabbits 
(Marine and Baumann, 1921). 
Once the importance of the adrenal cortex had been firmly established, 
many attempts to unravel the complexities of the physiology of this 
organ were initiated. An extract of hog adrenal glands was used by 
Osler (1896, cited by Thorn at al., 1953) for the treatment of Addison's 
Disease, even though he was not aware of the importance of the cortex 
for life. Hartman, MacArthur, and Hartman (1927) and Rogoff and Stewart 
(1927) independentl,y reported the preparation of aqueous or glycerol 
extracts of adrenal cortex that prolonged the life of adrenalectomized 
cats and dogs respectively. Swingle and Pfiffner (1930) and Hartman and 
Bownell (1930) used organic solvents to secure a more potent cortical 
extract, and found More suitable prooedures for removi~g contamina't1ng 
epinephrine from. extracts. Thus, higher doses of a mo·re effecti va com-
pound allowed very successful demonstrations of the benefits of these 
. 
extracts in adrenal insufficiency (Rowntree and Greene" 1930; Hartman et 
al., 1931). Excessive adrenocortical activity caused by adrenal cortical 
tumors or hypophyseal neoplas~ also yielded inf'orma.tion about the physio-
logical processes affected by this gland. The effects caused by the 
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injection of large amounts of the cortical extracts mentioned above 
further emphasiz.ed the importance of the regulatory role of this tissue 
at many sites. 
In the early 1930 IS, therefore ,¥rena 1 cortioal physiology was not 
in n Hell-defined state. Detailed information concerning the agent or 
agEnts r,:~sponsible for the functions of the adrenal cortex was not forth'-
relatively crude experiments described ab9ve. The lack 
preparations,theshortage of pure substances, and t:Qe rela-
tively small amounts of expensive extracts available made extensive clin-
ieal trials and basic research experiments difficult or even impossible. 
Beginning in 1937, several groups of investigators, notably Kendall, 
Pfiffner, Wintersteiner and their associates in the United States and 
Reichstein and his colleagues in Switzerland, isolated from adrenal ex-
tracts crystalline compound$with marked adrenal cortical activity_ The 
efforts of these workers, combined with the accomplishments of other groups, 
have resulted in the isolation of approximately 30 crystalline compounds 
during the past 20 years. Of the steroids isolated from the adrenal, six 
have biologioal activity that mimics one or more actions of whole adrenal 
extract. These compounds are the following I' 
Desoxycorticosterone Cqrticost~rone 
















l1-Hydroxy-ll-desoxycorticosterone (Substance S of' Reichstein) has also 
been isolated but in smaller amounts than the six listed above. 
All six of the c9mpounds whose formulae appear above have been 
found in the effluent of perfused adrenal glands of various species. 
Corticosterone, l7-hydroxy-c;:orticoeterone, cortisone, ll-dehyc.Wocorticos-
terone and de~oxyoorticosterone have all been isolated fro~ beef adrenals 
stimulated with ACTH (Heeter at al., 19$1). A compound that was probably 
aldoste;rone was isolated from a calf adr~nal perfusate (Rosemberg at al., 
1956) • The dateI1!lina tion of steroid concentra tiona in periphera 1 blood 
has led to ~omewhat similar findings~ although metabolic transformations 
make steroid levels in blood a less accurate indioation of the actual 
secretory produots of the adrenal. 
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The proportions of the various steroids secreted var.y trom speoies 
to speoies. For example.. the studies of Bush (1951) upon the peripheral 
blood of several animal species found the following major variations. 
Dog and cat adrena ls secreted mainly hydrocortisone.. but small amounts 
of oortisone and l1-dehy~ocortisone were found. The ferret produoed 
approximately equal amounts of hydrooortisone and corticosterone, whereas 
the rat ~t'nd the rabbit seoreted nearly all corticosterone. In the beef 
adrenal .. Pfiffner (1942) reported the proportions given in Table 1. In 
the human adrenal oortex, the steroid concentrations have been determined 
by Neher '(1958), and are reported in Table 2. " 
All the steroids listed above have been synthetized, at least in 
some measure. The first oompound to be prepared !.2. vitro was desoxy-
corticosterone (Sterger and Reicbstein, 1937). It is interesting that 
this steroid was synthesized one year before it was isolated from adrenal 
extracts (Reichstein and Von Euw, 1938). Lard~n and, Reichstein (1943) 
have made ll-dehydrocorticosterone. A partial synthesis of corticosterone 
has been published (Von Euw, Lardon, and Reiohstein, 1944), and similarly, 
a partia 1 synthesis of hydrocortisone has been achieved by Wendler et a 1., 
(1950). The total synthesis of oortisone (Woodward et al., 1952) and 
aldosterone (Schmidlin et al., 1955) are also presented in the literature. 
A detailed summary of synthetic methods for the individual steroids, with 
the exception of aldosterone, has been published by Woodward et al., (1952). 
However, only three of the steroi~ found in the adrenal are available in 
suffioient quantities for extensive clinical and research studies. Desoxy-
corticosterone is prepared from stymasterol, a plant steroid, and cortisone 
and hydrooortisone are prepared fro~ bile acids. 
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TABLE 1 
* Adrenal Cortioal Hormones i.n 1000 Ib of Beef Adrena 18 
Aotivity 
(Dog uni t;s) 
In 1000 Ib of adrenals 4.50,000 
Corticosterone 3.50 DIg 3,.500 
Dehydrooortioosterone 3.50 109 ),.500 
17~ydroxycorticosterone 40 mg 200 
17-Hydroxydehydrooorticosterone 500 mg 2,$00 
Desoxycortioo$terone 1.5 mg 900 
17-Hydrox,ydesoxyoortioosterone 10 mg 300 
10,900 439,100 
TABLE 2 
Adrenal Cortioal Hormones in Subjects with 










;After Pfiffner, 1942 
After Neher, 1958 
Cause of Death of Patient from 
Which Adrenal was Obtaine~ 
Traffic Aoute Cardiac Suicide 
.Accident Failure (hanging) 
2 • .5-3.9 1 • .5.3-2.18 0.13-0.1.5 
0.04 .. 0.1 0.05-0.39 0-0.17 
0.0.5-0.0.5 0,06-0.38 0-0.07 
1.1-2.9 2.92-10.6 0.22...0.88 
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The isolation and/or synthesis --o~ these pure compounds allowed the 
separation of the many effects recorded for crude cortical extracts. It 
ra.pidly became apparent that adrenal hormones could be olassified accord-
ing to their metabolic effects (glucocorticoids) or their electrolyte 
effects (mineralcorticoids). The glucocorticoids are represented in the 
naturally occurring hormones listed above:by cortisol, cortisone, corti-
costerone and Il-dehydrocorticosterone. The mineralcorticoids are aldo-
sterone and deRxycorticosterone. The glucocorticoids exert profound 
effects upon carbohydrate, lipid, and protein metabolism; have marked 
effects upon the number of blood lymphocytes, erythrocytes, and eosino-
phils, as well as the structure of lymphoid tissue; augment hydrochloric 
acid and pepsinogen secretion by the gastric mucosa, and trypsinogen 
secretion by the pancreas; prevent the appearance of an inflammatory 
response, whether the stimulus is physical, chemical, or bacterial; and 
maintain homeostasis despite exposure to a similar variety of noxious 
stimuli, such as, hem,rrhage, physical trauma, infectious agents, and 
noxious chemicals. The mineralcorticoids have a regulatory influence on 
t~e relative concentrations of electrolytes, notably sodium and potassium, 
in the extracellular fluids. It should be stated, however, that the 
glucocorticoids have some electrolyte effects, and that the mineral-
cortigoids have some metabolic effects. In addition, the hormones within 
a group vary in potency with regard to a particular effect normally 
prominent for the group as a Whole. This is illustrated by Table 3 
(~hite et al., 1959). 
The concentrations of desoxycorticosterone (DOC) found in the adrenal 
gland or in peripheral blood are not large enough to aooount for the effects 
of tnis tissue upon electrolyte metqbolism. Reichstein and Von Euw (1938) 
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TABLE 3 
Approximate Relative Biological Activities of Certain 
Adrenal Cortical Steroids in Adrenalectomized Rats, Expressed 
in Terms of the Activity of ll-Dehydro-17-hydroxycorticosterone 
( Cortisone) /I 
Life Glyco- Sodium 
Steroid main- gen de- reten-
tenance position tion* 
ll-Dehydro-17- 100 100 100 
hydroxycorti-
costerone 
( corti so ne ) 
Corticostosterone 75 54 255 
ll-Dehydrocort~- 58 48 ••• 
eosterone 
l7-Hydroxycor- 100 155 150 
ticosterone 
(cortisol) 
Deoxycorticos- 400 0 1,500 
terone 

















• •• 33 
219 ••• 
••• 8 












gave a value of 12.5 mg of desox,ycorticosterone per 1000 lbs of glands. 
However, Kendall (1942) did not find desoxyoortioosterone present in 
1000 lb of adrenals, and Thatcher and Hartman (1946) were unable to 
demonstrate its presence in fractions capable of affecting electrolyte 
concentrations. Hecter et al., (1951) have reported small quantities in 
the perfusates of adrenal glands in vitro. Farrell et ale', (1954) 
. ---
estimated that small amounts (18.6 mg/L blood) of a substance tentatively 
identified as DOCwere~ecreted by the adrenal gland of the dog following 
ACTH stimulation. They estimated that the activity of this amount of 
steroid was much less than that of the aldosterone seoreted in the same 
volume of blood. The data given in Table 1 (Pfiffner, 1942) show that 
all the compounds known at that time, including DOC but not including 
aldosterone, account for only 1/40 of the total activity of the gland 
extract. Thus, it seems that DOC is probably secreted by the adrenal 
gland in small amounts, but that this secretion is not too important for 
electrolyte regulation in the normal animal. 
Aldosterone is also secreted in ver,y small amounts, but the high 
potency of these small quantities can account for the activity of the 
adrenal gland upon electrolyte metabolism. Wettstein (1954) has reported 
that beef blood contains 0.35 mg per 100 ml, and that the beef adrenal 
gland contains small amounts, 45-95 mg/kg tissue, of this steroid. 
Aldosterone conoentrations in normal human adrenal tissue are given in 
Table 2 (Neher, 1958). Simpson and Tait (1955) found a concentration 
of 0.08 mg/1OO ml of this steroid in norma 1 human systemic blood. Farrell 
et al. (1954) identified aldosterone in the adrenal vein blood of hypo-
physectomized dogs, and found the sodium-retaining activity of aldosterone 
to be 48 times that of DOC. Gaunt, Renzi, and Chart (1955) in a recent 
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review cite papers to show that aldosterone is 30, 85-100 or even several 
hundred times more potent than DOC in causing sodium retention. Simpson 
""1''')'''''''. d. 
and Tait (1955) haveAconclusive experiments which ind~oate that aldosterone 
is the active principle of the amorphous fraction of adrena 1 extracts. 
It has not been established unequivocally that all the sodium-retaining 
activity in adrenal extracts is due to aldosterone, but strong evidence 
against this hypothesis is lacking. Aldosterone is a natural hormone 
secreted by the adrenal gland, and the quantity and activity of this 
"secretory product are high enough to be of biological importance in 
electrolyte metabolism. 
A great deal of information concerning the actions of the mineral-
corticoids has been obtained by studies utilizing desoxycorticosterone, 
While comparatively few studies have been completed with aldosterone. 
This is understandable since desoxycorticosterone was one of the first 
active steroids isolated from adrenal extracts (Mason, Myers, and Kendall, 
1936; Reichstein and Von Euw, 1938), while aldosterone was one of the 
last (Simpson et a1., 1953). Desoxycorticosterone was also one of the 
first oompounds to be synthetized (Steiger and Reichstein, 1937), where-
r,8S aldosterone was one of the last to be prepared .!.!! vitro (Schmidlin 
et al., 1955). Desoxycorticosterone has been available in large quantities 
for approximately 20 years, while aldosterone is even now in short supply. 
Thus, a unique situation exists in which most of our information concern-
ing the actions \of a natural hormone, aldosterone, has been indirectly 
inferred from studies with a synthetic substitute, DOC. 
A comparison of these two compounds indicates some marked quantita-
tive differences, but relative~ few, if any, real qualitative differences. 
Several comparisons are summarized in Table 4 (Gaunt, Renzi, and Chart, 1955). 
TABLE h 




Na 24 / K excretion 
Na / K excretion 
Water (saline) excretion 
v.la ter diuresis 
Water intoxication 
Rena 1 functions: rise of 
GFR & RPF 
Renal funotions:- )\a re-




Na / K of saliva 
Reduced permeability to 
Na and K 
Cold stress 








Granuloma pouch -- air 
pooket 
Blood pressure 












AD"" .• dogs; 
























* After Gaunt, Rensi, and Chart (1955). 
I'l'll-
Activity 
20-30 X DC 
5 X DC 
120 X DC 
30-100 X DC 
No retention, unlike DC; no 
diuresis~ unlike cortisone 
Weak or inactive, like DC 
Active: ) DC; > cortisone; 
= hydrocortisone 
;> DC; probably> cortisone 
and corticosterone; 
- hydrocortisone 
/ DC;"/ cortisone; 
• hydrocortisone 
Na retention without elevation 
of GFR 
12-25 X DC; 500 X hydrocorti-
sone 
Maintained with 100-200 )lg./ 
day; 20-30 X DC 
Caused Na and water reten-
tion; weight gain 
Depressed by 10-20~. 
/10 X hydrocortisone 
• or '7 cortisone 
1/3 cortisone 
1/3 oortisone; 30 X DC 
1/3 cortisone; 8 X DC 
Weak or inac~ive, like DC 
Inactive or stimulator,y, unlike 
other corticoids 
Inhibited cortisone less than 
DC 
Maintains B.P. in adrenal in-
sufficiency; not hypertensive 
Maintains femoral flow response 
to epinephrine & histamine, 
unlike other corticoids 
Inactive, unlike other adrenal 
& sex steroids 
Slight differences compared 
with DC & other corticoids 
20 X hydrocortisone 
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Most of the oomparisons substantiate the claim that aldosterone differs 
from DOC only quantitatively in its spectrum of effects. 
Many claims that indicate a qualitative difference between the two 
steroids are based on experiments concerned with the excretion of water 
and/or saline loads. Desaulles (1958) imposed hypotonic, isotonio and 
hypertonic saline loads upon animals treated with either DOC or aldo-
sterone. Aldosterone greatly enhanced the impaired diuretic response of 
animals submitted to a hypotonic (water) load. Under increasing salt 
levels, aldosterone did not modify the diuretic response of the animals, 
while under hypertonic salt loads it actually induced marked water reten-
tion. DOC did not modify the impaired urinary excretion of water-loaded 
animals. However, it produced a definite urinary retention under an 
isotonic salt load, and induced a slight diuresis under hypertonic salt 
loads. 
Discrete differences upon sodium and potass~um excretion were also 
observed under the same conditions. Aldosterone exhibited a pronounced 
sodium-retaining action which diminished in intensity as the salt load 
was increased. DOC exerted the same effect, but its retentive action 
diminished more rapidly than in the case ot aldosterone. Aldosterone 
exerted an enhancing effect upon potassium excretion that exhibited an 
inverse relation to the sodium pattern. Under a water load, aldosterone 
exerted a marked stimulation of the impaired potassium excretion; under 
salt loads of increasing concentrations the stimulated potassium excretion 
diminished rapidly. DOC did not modify the impaired potassium excretion 
under a water load. During the administration of an isotonic solution 
the excretion of potassium was very high, but the potassium excretion 
showed only mild stimula,tion when a hypertonic salt solution was given. 
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The experiments cited above must be repeated and confirmed before a~ 
real difference between aldosterone and DOC can be considered unequivocal. 
Gross and Lichtlen (1958) olaimed to have found certain differences 
between the two drugs, but a close inspection of their data reveals that 
the differences are probably quantitative and not qualitative. It is 
interesting to note, however, that ver" high doses of aldosterone did not 
lead to the polydypsia and polyuria that occur with overdosages of DOC. 
Two other reported differences have been the laok of edema formation 
and the absence of hypertension following aldosterone treatment, while 
DOC administration frequently causes both symptoms to appear. More 
recent studies indicate that doses of aldosterone higher than the usual 
e 
mainteln.nce dose can cause edema (Gross and Schmidt, 1958) and hyper-
A 
tension (Gross and Lichtlen, 1958). Hypertension is also present in 
primar,y aldosteronism (Conn and Louis, 1956), and edema may also occur in 
this clinical entity (August, Nelson, and Thorn, 1958). 
Aldosterone is unique with respect to clinical problems, since high 
aldosterone levels in blood and urine of patients have been reported, 
whil.e the OOC has not been found in similar patients. A disease called 
primar,y aldosteronism is described in which large quantities of aldosterone 
are secreted by adrenal neoplasms (Conn and Louis, 1956); no suoh syndrome 
has been described for DOC. High concentrations of aldosterone are found 
in many edematous patients, e.g., patients with congestive heart failure 
and liver cirrhOSis) DOC has not been isolated in such situations. 
In summar,y, the long history of the effects of the adrenal gland upon 
electrolyte metabolism seems to have reaohed another, if not the final, 
milestone with the isolation and identification of aldosterone. From the 
crude ablation experiments to present researches with a orystalline 
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steroid of complex structure, the road has been difficult and full of 
pitfalls. Perhaps the most fortuitous event of the whole journey was the 
discover,y and synthesis of desoxycorticosterone. The wealth of research 
with this drug, which is probably not a natural hormone of any importance, 
made possible the identification of the natural mineralcortiooid aldosterone 
and resulted in a new era of understanding in electrolyte physiology as 
it relates to the adrenal gland. 
Aldosterone is almost certainly the natural hormone responsible for 
the profound effects of the adrenal gland upon electrolyte metabolism. 
Its availability is opening new vistas of research and the clinical 
treatment of adrenal insufficiency. Desoxycorticosterone, however, is 
still an important compound and will continue to occupy a choice place 
in the laboratories of research workers concerned with elect~olyte studies. 
-15 ... 
II • STA TElvIENT OF THE PROBLEM 
Desoxycortioosterone affects electrolyte conoentrations in many 
tissues of the mammal. Sodium and potassium changes have been studied 
in the skin (Green, Reynolds, and Girerd, 1955; Davis, Bass, and Overman, 
1951), cardiac muscle (Darrow and Miller, 1942; Green, Reynolds, and 
Girerd, 1955; Iv1untwyler, Y!8utz, and Griffin, 1944), skeletal musole 
(Miller and Darrow, 1941; Ferrebee et al., 1941J Harkness et al., 1942; 
Muntwyler, Mautz, and Griffin, 1944), bone~verman, Davis, and Bass, 
1951; Woodbury, 1953; Sweet, Levitt, and Hodes, 1958), liver (Davis, 
Bass, and Overman, 1951; Woodbury, 1953; Darro't'lfand Miller, 1942), aorta 
(Daniel and Dawkins, 1951; Tobian, 1959), stomaoh smooth muscle (Daniel 
and Daniel, 1955; Green, Reynolds, and Girerd, 1955), spleen (Green, 
Reynolds, and Girerd, 1955; Davis, Bass, and Overman, 1951), cerebral 
cortex (Woodbury and Davenport, 1949; Timiras, Woodbur,y, and Goodman, 
1954), tendon (Sweet, Levitt, and Hodes, 1958), ileum (Davis, Bass, and 
Overman, 1951), lung (Davis, Bass, and Overman, 1951), and testis (Cole, 
1950). Most of these results can be summarized by stating that DCA, 
in general, increases tissue sodium and decreases tissue potassium. 
( DCA) 
Desoxycortioosterone",also affects the electrolyte ratio in many 
body excretions. DCA has been shown to decrease the sodium-potassium 
ratio in saliva (Prader, et al., 1955; Frawley, 1946) and sweat (Conn, 
1949). The reabsorption of sodium and the excretion of potassium by the 
kidney are increased by this drug (Thorn and Emerson, 1940; Thorn, 1942; 
Roberts and Pitts, 1952; Pitts, 1952; Roberts and Randall, 1955; Howell 
and Davis, 1954). The enhancement of sodium reabsorption and potassium 
excretion via the digestive tract has been satisfactorily demonstrated 
(Stein and Wertheimer, 1941; Berger, Quinn, and Homer, 19~1; Davis and 
Howell, 1953; Howell and Davis, 1954; Woodbury, 1953). In addition, 
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DCA also markedly increases the water content of manunary glands, an 
effect that may be related to electrolyte shifts (Folley, 1952). 
Desoxycorticosterone also exerts effects upon other cations and 
anions. Cha~ges in hydrogen and bicarbonate ion concentrations have been 
detected in plasma (Lecoq, 1952; Seldin, Welt, and Cort, 1956; Darrow, 
Cooke, and Coville, 1953), urine (Giebisch, MacLeod, and Pitts, 1955; 
Roberts and Pitts, 1953), as well as in skeletal muscle (Darrow, Cooke, 
and Coville, 1953; Cole, 1953; Muntwyler, Mautz, and Griffin, 1944; 
Harkness et 81., 1942). Amino acids 'Which are cations at physiological 
pH's are also affected by DCA. In particular, lysine concentrations in 
skeletal muscle are increased after treatment with this steroid 
(Iacobellis, Muntwyler, and Dodgen, 1956; Eckel, Norris, and Pope, 1958). 
There is no question, considering the information presented above, 
that ~ has marked effects upon the electrolyte, acid-base, and amino 
acid metabolism of animals and man. There are questions, however, con-
cerning the mechanisms and the interrelationships of these distortions. 
Many workers believe that the effects of DCA upon renal tubular 
absorption and excretion are the primary events in a chain of related 
changes and that all fluid and/or tissue electrolyte variations are caused 
by these renal effects. Evidence supporting this thesis can be ca te-
gorized as (a) data indicating a direct effect of DCA upon tubular func-
tions and (b) experimental results which show that these direot renal 
effects can cause tissue electrolyte distortions. A direct effector 
OOA. upon renal tubular funotion, oategory (a) above, is supported by the 
fa llowing experiments. Maximum tubular sod! urn reabsorption occurs after 
DCA. treatment, without significant alterations in glomerular filtration 
rate (GFR) or renal plasma flow (RPF) (Roberts and Randall, 195.5; 
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Garrod, Davies, and Cahill, 1955). DCA also increases renal tubular 
bicarbonate reabsorption without changing GFR (Giebisch, 1-1acLeod, and 
Pitts, 1955). However, Davis and Howell (19.54) and Guadino and Levitt 
(1949) have demonstrated that DCA. increases both GFRand RPF. The intra-
venou~ infusion of DCA also increases GFR (Sartorus and Roberts, 1949). 
But in all these experiments, sodium reabsorption was incre~sed. The 
increased filtration of sodium indicated by the increased GFR isdiffi-
cult to reconcile with its increased reabsorption without postulating 
a direct effect of DCA upon the renal tubule to increase sodium reab-
sorption. The increased GFR and, in some cases, RPF reported in these 
data are probably secondary to sodium retention and extracellular fluid 
volume expansion, as indicated by the experiments of Roberts and Pitts 
(1952). Direct effects of DCA upon renal arterioles have been reported 
(Vriedman, Polley, and Friedman, 1948). However, these effects were 
observed with high doses of DCA administered for 42 days. The data, 
therefore, do not necessarily contradict experiments which indicate a 
direct effect of DCA upon the tubular but merely indicate that DCA Oan 
exert effects at other sites. DCA given to dogs made anuric by uretral 
ligation had no effects upon plasma electrolytes (Winkler, Smith, and 
Hoff, 1942). This experiment is interpreted by the authors as indicating 
an effect of DCA. only upon the tubule, since DCA causes plasma sodium 
and potaSSium changes in normal animals having funotional tubules. 
It is interesting to note that in a similar uxeteral ligation experi-
ment, namely, the stop flow technique of Malvin, Wilde, and Sullivan 
(19.58), aldosterone, the natural horm.one whose electrolyte effects are 
mimicked by DU~, causes a decrease in the lumen concentration of sodium 
in the distal tubule of the adrenalectomized dog (Vander et al., 1958). 
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This type of experiment has been interpreted as evidence for a direct 
action of mineralcorticoids upon the renal tubule. Although DCA ad-
ministration probably would yield the same results as those seen with 
aldosterone, no definite conclusions concerning this steroid can be 
reached until DCA. is actually studied. Further, and even more important, 
the criticisms that have been advanced against the stop flow technique 
make it mandatory that any conclusion arrived at from data obtained 
by this method must remain, at best, a tentative one (Pitts at al., 
1958; Bradleyand Wheeler, 1958). Pitts (1951, p. 40), in summarizing 
the evidence available at that time said, "Every bit of evidence that I 
know is consistent with the view that there is a primary effect of 
adrenal hormones on the tUbular cell to increase their absorption of 
sodium and that this effect occurs promptly." Thus, it seems that the 
evidence for a direot effect of DCA upon the tubule is unequivocal, 
at least as far as sodium reabsorption is concerned. Several of the . 
studies cited above were concerned with the effects of DCA upon renal 
potassium excretion (Howell and Davis, 1954; Giebisch, MacLeod, and 
Pitts, 1955). These studies led to the conQlusion that DCA enhanced 
potaSSium excretion by a direct effect. 
Evidence has accumulated which indicates that the renal effects' 
of DCA. can account for the tissue and/or body fluid distortions observed 
with this drug, category (b) above. First, tissue distortionehave 
been shown to be reduoed if rena~. effects Qf DC~ are prevented. Seldin, 
Welt, and Cort (1956) have shown that DCA administered to rats on either 
low or high potassium intake had no effects on muscle potassium if 
sodium intake was rigidly restricted. This rigid restriction of sodium 
has been shown to prevent the renal loss of potassium even during DCA 
treatment (Howell and Davis, 1954). The reabsorption of bicarbonate 
'~ .. '. ?;j 
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induced by DCA is also dependent upon adequate sodium intake (Giebisch, 
MacLeod, and Pitts, 1955). These authors showed that a low sodium intake 
prevented a ~-induced renal potassium loss and that this lack of 
potassium excretion prevented bioarbonate reabsorption. Conway and 
Hingerty (1953) demonstrated that muscle sodium is decreased subsequent 
to DCA administration on a low-sodium diet, as contrasted to the classi-
cal increase in muscle sodium induced by DCA in intact animals fed 
normal diets. Both plasma and muscle potassium losses were reduced in 
this experiment when the animals were fed low-sodium diets. Although 
urine values for potassium were not reported, it is not unreasonable to 
assume that the low-sodium diets prevented the renal loss of potassium 
usually caused by DCA. and that this lack of potassium depletion was 
reflected in the muscle electrolyte changes. 
The interrelationship of renal and tissue effects of DCA is 
also indicated by replacement experiments. The muscle distortions of 
sodium accumulation and potassium depletion caused by DCA are corrected" 
in part, by the administration of potassium to the animals (Muntwyler 
and Griffin, 1951). Further evidence along this line is 'supplied by 
Ferrebee et ale (1941) who showed that the simple expedient of allowing 
DCA -treated dogs to drink KCl preven'ted potassium depletion and the 
sodium accumulation usually caused by this steroid. 
The quantitative importance of the effects of DCA upon the 
intestinal tract to promote potassium excretion and sodium retention 
has been determined. 1t/oodbury (1953) has shown that the DCA-induced 
sodi.um accumulation and potassium depletion of skeletal muscle still 
occur in nephrectomized rats. This study also demonstrated that sig-
nificant potassium losses were taking place in the intestinal tract. 
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other groups have pOinted out the effects of DCA upon gastrointestinal 
potassium excretion (Davis and Howell, 1953; Howell and Davis, 1954), 
as well as the marked effect of this steroid upon sodium retention 
(Berger, Quinn, and Homer, 1951). However, ~n only one experiment 
were the tissue and gastrointestinal electrolyte changes measured 
simultaneously (Woodbur,y, 1953). DCA effects upon electrolyte ratios 
of sweat, saliva, etc., are probably not quantitatively important insofar 
as tissue electrolyte and acid-base disturbances are concerned. 
An imposing collection of miscellaneous results indicates that 
DQ~ can qirectly affect tissue eleatrolyteratios. DCA can increase 
inulin space (extracellular fluid VOlume) without affecting H20 space 
(total body water) or plasma volume (Guadino and Levitt, 1949).. An 
interpretation of these changes is that the steroid has a direct effect 
upon the intracellular~extracellular water ratio which is not secondary 
to rena 1 sodium retention. Confirms tory experiments have been done on 
dogs «;luring enforced hydration (Cheek and West, 1956). Changes in 
water distribution following DCA administ-:rstion aTe not surprising, 
because the brilliant series of papers b.r Swingle and coworkers (1934 a, 
193h b, 1936, 1937' demonstrated that (a)·. animals given cortical 
extracts could increase blood volume even during enforced hydration; 
(b) cortical extract can relieve adrenal insufficiency and increase 
serunl sodium and chloride in dogs fed low sodium diets; and (c) corti-
cal extracts increase plasma sodium, chloride and H20 in water intoxi-
ca,ted animals. The increased survival time of adrenalectomized-nephrec-
tomized animals following DCA treatment, as well as the protection DCA 
offered against water intoxication symptoms in adrenalectomized rats, 
lvas explained by speculating that DCA mobilized cellular water into the 
extracellular fluid. That is to say, a direct effect of DCA upon tissue 
was observed even in the absence of the kidney (Bernie, Eversole, and 
Gaunt, 1948). Barnett and HcNamara (1949) found that DCA could de-
crease high plasma p:>tassium in a male infant suffering from adrenal 
, 
insufficiency without increasing renal potassium exoretion. 
The increase of extracellular sodium observed during the treatment 
with DCA of dogs with adrenal insuffioiency was too large to be explained 
by the retention of administered sodium (Flanagan, ravis, and Overman, 
1950). In a hurmn patient, LUft and Sjogren (1952) found that exchange-
able sodium increased,although the patient was in negative sodium 
Calance. They argued that J.:X}A, can increase extraoellula r fluid sodium 
wi thout the renal effect of sodium retention; or, in other words, DCA 
has a direot effect to increase extracellular fluid sodium. In a 
classic paper, Woodbury (1953) unequivocally demonstrated by direct 
tissue analysiS that DCA could exert significant effects up:>n cerebra 1 
cortex, bone, liver, and skeletal muscle of nephrectomized rats. 
The changes in tissue acid-base balance caused by DC~. have not 
been adequately studied. Firstly, the number of ~otual measurements of 
changes in tissue hydrogen and bicarbonate ion concentration associated 
with DCA treatment is very smll. In fact, no tissue measurements have 
been done in experiments in whioh DCA. administration was the only 
variable. Most tissue meAsurements have been made on animls that have 
been made potassium-deficient by a combiMt,~?p. of DCA injections and a 
low potassium diet (see Hun1;-wyler and Griffin, 1951; J1:lrrow, Cooke, and 
Covi 11 e , 1953). Seco ndly, H lmo st all 0 ther studi es i nf e r tissue cha nges 
fl"'JM changes in the acid-base picture of the blood. The hssis for this 
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extrapolation is the similarity of DCA treatment and dietary potassium 
deficiency upon blood pH and blood bicaroonate concentrations. Ani-
nals feeding upon low-potassium diets and animals treated with DCA 
both exhibit a hypokalemic alkalosis. In addition, indirect evidence 
(Cooke et al., 1952) and a direct measurement of tissue pH in the potas-
sium-deficient animal (Gardner, Ivlachachlen, and Berman, 1952) indicated 
a cellular acidosis. It has been assumed that DCA. causes a cellular 
acidosi~ because DCA administration also induces a potassium deficiency. 
Considering that the cellular acidosis associated 'with potassium deficiency 
has been seriously challenged (Eckel, Botschner, and Wood, 1958), in-
ferred pH changes in muscle become even more hazardous. 
On the other hand, there is little evidence to support the idea 
that DCA has a direct effect upon tissues to cause acid-base distortions. 
The effeQts of DCA upon caroohydrate and fat metabolism are minimnI.. 
However, effects such as· the inhibition 0.:(' citrate synthesis reported 
by Cochran and DuBois (1952) could affect carron dioxide production and 
thus affect tissue pH. The possibility exists that hydrogen and sodium 
ions are pumped from the~_muscle, cell by the same carrier mechanism 
(,vloodbury, 1956; Harris, 19.56; Swan and Kossman, 1958). DCA may pos-
sibly affect tissue pH by enhancing the active transport of both ions, 
since DCI\ has been reported to enhance the transpJrt of sodium (~\'oodbury, 
19.58) • 
The direct effects, that i~ those not associated with a potassium 
deficiency, of DCA upon tissue amino acids have been determined only in 
brain~ Vernadakis (1957) has ShovIU that DCJt affects brain amino acids 
in 6-hourexperiments in which significant potassium losses did not 
oocur. 'rhe possibility that DCA could exert a direct effect upon 
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skeleta 1 muscle has not been considered. 
Therefore, the investigation, the results of whioh are reported in 
this dissertation, was initiated to study the effects of OOA upon tissue 
eleotzv..)lytes, amino acid conoentrations, as well as acid-base balances, 
in an experimental si tua tion in which the loss of body potassium was 
prevented. The experiments were performed upon the functionally evis-
cerated rat in which the lack of renal funotion and the absence of the 
gastrointestinal tract prevented potassium depletion when DCA. was ad-
ministered. 
It was hoped that such an apprr)ach would yield more definite in-
forlll9.tion on the direct effects of steroids on tissue, and that some 
clarification of the possible interrelationships between changes in 
electrolyte and amino acid concentration and. changes in acid-blse 
balance in tissues would result. B:>th problems are important and 
interesting iathe field of mineralcorticoidphysiology. 
-24-
III. GENERA.L METHODS 
A. Evisceration 
The animals used in the DCA experiments were functionally evis-
cerated by removal of the entire digestive tract, by bilateral adrenal-
ectomy, and by functional nephrectomy which consisted of removal of the 
kidneys from their capsules and tying of the renal arteries (Russell, 
1942). A complete evisceration, including removal of the liver, a two-
step technique requiring 21 days (Ingle, 1949), was not attempted since 
no effect of the liver upon the results of the experiments was anticipated, 
and since the absence of the liver with its glycogen stores makes the 
problem of rmintaining blood glucose levels more difficult. A modifi-
cation. of the functional evisceration of Russell in which circulation 
througb the viscera is prevented without removal of the organs (Depocas, 
1958) was used for some experiments. Animals prepared by this method 
survived for only two hours, and so were useless for the six-hour 
~treatment schedules. 
The functionally eviscerated aninals became hypoglycemic, since 
liver function ,was decreased and the pancreas had been removed (Russell, 
1942). ,'~owever, administration of· 20% glucose solution in the am::>unt 
of 1.5·ml/2 hours/rat helped maintain the blood glucose and increased 
survival time from approximately 2 hours to 24 hours. The animals 
.had little control over their oody temperature and rapidly assumed a 
temperature which 'WaS one or two degrees above ambient room tempera-
ture. No attempt 'WaS mde to control the temperature variable pre-
cisely, but animals were heated with lamps when room temperature fell 
below 230 c. 
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B. Analytical 
Sodium and Potassium. These ions were determined with an internal 
lithium standard flame photometer (White, 1952). The preparation of 
samples for analysis was carried out as described by Hald (1947). 
Chloride. Plasma chloride analyses were performed in some experi-
menta by the mercuric nitrate titration of Schales and Schales (1941). 
The recently developed amperometric titration of chloride with silver 
ion (Cotlove, Tromtham, and Bowman,l958) was employed in later experi-
ments. By this method, smaller aliquots were nvre rapidly and easily 
ana lyzed. Dlta from the t'WO methods were not separated in the presen-
tation of experimental results, since chloride values obtained by both 
methods were in good agreement. Tissue chloride concentrations were 
determined by the alkaline digestion modification (Sunderman and Williams, 
1933) of the method of Van Slyke (1924). 
water. Tissue samples were placed in tared glass bottles, and 
dried for 4 days at 1100 c. ~.,..o The percentagej\W3.s determined by the dif-
ference between wet and dry weights. Plasma water was determined by 
drying an aliquot of plasma in a platinum crucible overnight at 1100 c. 
~. Tissue fat was determined by the weight loss of the tissue 
after 3 extractions with ethyl ether (Hastings and Eichelberger, 1937). 
Caroon Dioxide. Plasma total caroon dioxide concentrations were 
,. 
measured by the manometric method of Van Slyke and Neill (1924). Some 
analyses were carried out by a modification of the chemical method 
described in Appendix 1, below. Tissue total carbon dioxi.de concentra-
tions were determined by two methods. The classica 1 manometric method 
of Dlnielson and Hastings (1930) was used during the earlier parts of 
this 'WOrk. However, reproducible results were almost impossible to 
obtain, since the method required exposure of the tissue in acid solution 
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to the atmosphere. In addition, some 20-30 minutes were required for 
the apalysis of one sample. Therefore, a chemical method for tissue 
carbon dioxide was developed. The method is described in detail in 
Appendix 1. The majority of the carbon dioxide results presented below 
'Were obtained with the chemical method. 
Amino acids. Muscle samples were analyzed by paper chromatography 
methods suggested by Block (1957). The muscle samples were placed in 
12% trichloroaoeti" acid _ll an ice bath at 00 C and kept frozen until 
extraction. The samples were homogenized, centrifuged, and the super-
natant extracted three to six times with an equal volume of ether in 
order to relOOve thE; trichloroacetic a::id and fats. The remaining aqueous 
o phase ~s evaporated -co dryness in a water bath at 37 C. After evapora-
tion, the residues were taken up in an equal weight of water. Samples 
of 4 to 32 >.. were used for paper chrorratographic analysis. wbatman No. 
1 filter paper was used in Sheets of 23 X 28 cm for ascending chromato-
graphic development. Thechrormtograms of the test samples were run 
simultaneously with mixtures of amino acids in known amounts. The chroma-
tography chambers were commercial Chromatocabs (Research Specialties Co., 
Berkeley, California). A 4:1 mixture of phenol (80% distilled over 
aluminum and sodium bicarbonate) - water was used for development in the 
first dimenSion, and a 11:5:-4 mixture of 2,6-lutidine (90%)-ethanol(95%)-
water, was used for the development in the second dimension. After each 
development, the papers were dried overnight at room temperature. The 
pa.pers were then dipped in a so lution of ninhydrin (0.25%, in a so lvent 
95% ethanol containing 2% acetic acid) and dried for 18 hours at room 
temperature. The amino acids on the paper appeared as colored spots 
which were sufficiently stable and dense to permit determination of their 
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optical density. A Welch Densichron (W. M. Welch Mfg. Co., Chicago, 
Illinois) was employed to read the maximum optical densities of the amino 
acid spots. Amino acid concentrations were calculated by comparing 
optical densities of unknown spots with optical densities of spots 
obtained by similar treatments of known amounts of pure amino acids. 
pH dete rmina tio ns • Bloo d pH wa s determined ana e ro bi oa lly by mea ns 
of a glass electrode standardized with commercial buffer (Beckman 
Instruments, Inc., Fullerton, California) at pH 7.0. All determinations 
were made with a Cambridge Research Model pH Meter. The pH of a sample 
was determined at room temperature and corrected to 370 C by the method 
of Rosenthal (1948). 
C. Calculations 
Electrolyte distributions in tissues were calculated by the method 
of Hastings and Eichelberger (1937). Bicarbonate distribution and intra-
cellular pH were calculated as described by Wallace and Hastings (1942). 
Some discussion of these calculations is war~anted, since many con .. 
elusions derived from the experiments below are based upon data obtained 
from these numerical manipulations. 
The basic assumptions upon which Hastings and Eichelberger based 
their ion distribution calculations were: 
1. Water moves freely across the barrier between the blood plasma 
and the extracellular phase, and aeross the barrier between the extra-
cellular and intracellular phases. This results in osmotic equilibtium 
between all phases of the system. 
2. Inorganic ions and small molecules move freely across the 
barrier between plasma and the extracellular phase, but large molecules, 
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notably the proteins of the plasma, do not move across this barrier. 
This selective permeability to molecules causes an unequal distribution 
of inorganic ions which is determined b.Y the Gibbs-Donnan distribution 
law. 
). Under normal conditions, inorganic ions, as well as large mole-
cules, do not move across the barrier between the extracellular and intra-
cellular phases of musole. This condition of functional impermeability 
exists only as long as the normal metabolie state of the muscle is main-
tained. When metabolic prooesses oease, the barrier becomes permeable 
both to inorganic ions and to proteins. 
4. Under normal metabolic conditions the intracellula.r phase of 
muscle contains no chloride. 
Each of the above assumptions could be discussed as to its validity, 
but the assumption moat often questioned is the fourth one,which states 
that all muscle chloride is extracellular. Manery (1954) has summarized 
.. 
evidence supporting the statement that all chloride is extracellular as 
follows: (1) Whole muscle in situ contains a ver,r small quantity of 
-...--
chloride. Since the extracellular components of muscle have such a 
high chloride concentration, it is impossible for a large amount to 
exist inside the fiber. (2) Histological examinations of muscle areas 
not occupied by muscle fibers correspond to caloulated chloride space. 
(3) Muscles in isotonic sucrose rapidly lose all their chloride. (4) 
The chloride content of muscle is directly proportional to the chloride 
concentration of the solution in whiCh the musole is equilibrated. 
This is true for frog muscle in vitro and mammalian MUscle in vivo. 
- --
(5) Direct histQchemical procedures applied to frozen dehydrated sec-
tions of muscle reveal no chloride, except in an oocasional damaged 
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fiber. (6) Direot ohemical analysis of isolated muscle fibers shows 
no chloride present inside the fiber. (1) The chloride space agrees 
quite well with other measurements of extracellular volume, e.g., 
bromide and iodide space determinations.. In addition to tl'le evidence 
cited by Maner.y in support of chloride being distributed only extra-
cellularly, another type of experiment was recently reported Which 
substantiates this proposal. The amount of extracellular fluid in the 
rat was determined by correcting total body chloride and sodium for the 
amount of these ions outside the extracellular fluid (Cheek~ West, and 
Golden, 1951). The close agreement of extracellular volume determined 
by sodi. urn. and by chloride was oi ted as evidenoe that chloride distri-
bution is a valid measure of this bod,y compartment. 
Evidence against the extracellular po,ltion of all the chloride is 
as followsr (1) The inulin space of muscle is smaller tl'lap. the ohlodde 
space. (2) Yannet and Darrow (1940) found evidence of nondiffusible 
chloride amounting to 1 mM/100gm fat-free solids •. (3) Var;lous criti-
cisms of the analytical methods for chloride. (4) Wilde (1945) has 
demonstrated an entranoe of Qhlortde into fibe~s with potassi.um.. Conway 
(1957) has interpreted these data as showing that chloride freely per-
meates skeletal muscle and is distributed according to a Donnan equili. 
brium. (5) Use of chloride space in !1! situations gives unreasonable 
results, such as negative intracellular sodium values (Woodbur.y, 1956) 
and intracellular conoentrations of potaSSium and magneSium in skin 
cells (Harrison, Darrow, and Yannet, 1936) quite differe~t from those 
found in other tissues. (6) Manery (1937) approached the problem 
from another viewpoint. She a~sumed that the extracellular phase of 
tissue water is an ultrafiltrate of serum, and that eleotrolyte ooncen-
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trations of the ultrafiltrate are predictable from electrolyte eoncen-
trations in serum by application of the Gibbs-Donnan distribution law. 
She found that some tissue eells, e.g., tendon, muscle sheath, and skin, 
appeared to contain so much solid material that only 40 per cent of the 
cell was water. Some calculations even resulted in negative intraoellular 
water concentrations. She ooncluded that these unreasonable results 
are explained by high concentrations of intracellular chloride. 
What, therefore, can be decided from the above information, without 
going into detail concerning each pro and con argument? Firstly, 
some tissues definitely contain intracellular chloride, for example, 
red blood cells (Bernstein, 1954) and connective tissue (Maner,y, 1937). 
No such unequivocal evidence exists for skeletal muscle. However, 
even if chloride ions freely penetrate muscle cell membranes, the 
intracellular concentration must still be quite low. The extracellular-
intracellular ratio of chloride is determined by the membrane potential 
of the cell if chloride ions are freely diffusible and not active~ 
transported. The ratio determined by a membrane potential of 90 mY""'"' 
is 35 to 1, extraoellular ohloride to intracellular chlOride. Therefore, 
water distribution would be in error by approximately 1/35, or 3%, if 
the distribution caloulations were based upon the assumption that all 
chloride is located extracellularly. Second~, many of theobject1ons 
to chloride space being used as a measure of extracellular space can be 
softened with the proper experiment. For example, Cotlove (1954) 
demonstrated that inulin and chloride space are equivalent when enough 
time is allowed for the inulin to penetrate connective tissue. Nichols 
et ale (1953) found a reasonable agreement between inulin and chloride 
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apace when tissues were corrected for the connective tissue content of 
the samples. Thirdly, chloride space can accurately indicate extra-
cellular fluid changes, even though some chloride might be located 
intraeellularly. Caster (19.59) showed that·,raffinose space, one of 
several substances tested which could measure eJftrace llular fluid volume, 
best predicts the changes expect~d When extracellular fluid volumes 
were changed by X-irradiation. Eckel, Botschner, and Wood (19.59) 
demonstrated the agreement of raffinose space with chloride space in 
skeletal mue~le in potassium deficiency studies. In conclusion, it 
seems reasonable that chloride space is avelid measure of extracellular 
space in skeletal muscle in several states of imbalance. It should be 
admitted, however, that little is known about the distribution of chloride 
in pathological states, e.g., evisceration, or the effect of drugs 
upon chloride permeability. Therefore, caution should be observed in 
experimental interpretations, and emphasis should be placed on space 
changes rather than rigid quantitative interpretations of SPace sizes. 
The calculations for determining the distribution of bicarbonate 
in muscle are based upon the extracellular location of chloride and the 
following additional assumptions. (1) The carbon dioxide tension is 
equivalent to H2OO3 concentration, since the equilibrium CO2 + H20~H2C03 
is far to the left. (2) The carbon dioxide tension is the same in all 
body compartments. (3) The muscle cell membrane is impermeable to the 
bicarbonate ions. (4) Cell carbon dioxide released by acid is derived 
from bicarbonate or carbonic acid, and not from any bound form of 
carbon dioxide such as oarbamino groups. 
Considering these statements in order, the high ooncentration of 
-32-
CO2 with respect to H2C03 proposed in number (1) has been conclusively-
demonstrated in plasma where the ratio is 1000 C02 to 1 H2C03• The 
seoond assumption is acceptable inmost cas9s,s1.nce extraoellular C02 
tension changes are reflected in oellular C02 tension ohanges almost 
immediately (Nichols, 1958). However, equal tensions of CO2 in all 
body compartments are not observed in all experimental situations. 
Koch and Woodbur,y (1958) have presented evidence that acetazolamide 
prevents the attainment of CO2 equilibrium between brain cells and the 
extracellular fluid. They argued that the inhibition of carbonio anhy-
drase by the drug was responsible for the observed disequilibrium. Such 
arguments do not apply to skeletal muscle since this tissue contains 
negligible amounts of carbonic anhydrase (Van Goor, 1940). Therefore, 
the assumption of equal 002 tension with respeotto ~lasma and tissue 
was oonsidered valid, partioularly for skeletal musole, and this assump-
tion was used throughout the calculations reported below. 
-The impermeability of muscle membranes to the HC03 ion has been 
proposed chiefly on the baSis of the work of Wallace and Hastings (1942), 
-who showed that large ohanges in extraoellular HC03 resulted in little 
-change in cellular HGO). In addition, Caldwell (1958) demonstrated 
that the internal pH of crab muscle fiber measured direotly with a 
glass electrode is not dra.stioally influenced by ohanges in extraoellular 
HC03", but increased 002 tensions rapidly decreased oell pH. These 
results supported both the carbon dioxide perm~ability and the bicar-
bonate impermeability assumptions. Waddell and Butler (1959) measured 
the influence of extracellular bicarbonate concentrations upon cell pH 
d; .iI')lt 
by utilizing the weak base dimethy1oxazolidine~(DMO) to measure cell pH. 
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They concluded that the muscle cell membrane is impermeable to bicar-
bonate, since external HC03- was not reflected in cellular pH changes. 
Hill (1955) argued that a functional impermeability to bicarbo~te 
exists if a hydrogen ion gradient is actively maintained and CO2 ten-
sion is equal in all fluid compartments, both of which are likely in 
skeletal muscle. That is to say that the penetration of the muscle 
membrane by HC03 - is unimportant if the cellular hydrogen ion and C02 
concentrations are fixed so rigidly that no changes in the equilibrium 
-HC03 +:"HE* H2C03~ CO2 + H20 can occur. 
The impermeability of the muscle membrane to HCD3 has been questioned. 
by Conway and Fearon (1944). In addition, these authors have proposed 
that all the CO2 liberated by acid from muscle is not derived from 
-HCO) and H2C03• Since experimental evidence supporting both objec-
tions is examined more closely in Section VII, a discussion of the 
statements above is deferred for the present •. However, both assump-
tions questioned by Conway and Fearon were utilized in a 11 acid-base 
calculations. 
A summary of all calculations used for determining the partition of 
ions is recorded in Appendix 2. 
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IV. EFFECTS O~ DCA. UPON THE ELECTROLYTE}(ETABOLISM OF SKELETAL MUSCLE~ 
A. Introduction 
The efrects of DCA upon skeletal muscle electrolytes are well-
known. This steroid increases intraeellularsodium and decreases intra-
cellular potassium in the intaot animal (Harkness et al" 1942jMuntwyler 
and Griffin, 1951;- Miller and Ihrrow, 1951). SiJUilar effects have been 
observed in nephrectomized rats (Woodbury, 1953). 
The effects of DCA upon muscle are paradoxical when compared with 
the drug's action at other sites. Woodbury, Timiras, and Vernadakis 
(1957) have shown that DCA. decreased cerebraloortex cellular sodium, 
and have speculated that the action of thLs steroid is an effect upon 
active sodium extrusion. Recently" Pitts (1958) advanced the theory 
that renal sodium reabsorption is an active process. It is not un-
reasonable to assume that the renal reabsorption of sodium caused by 
DCA is an enhancement of this active process. In the iso1atedfrog 
skin" ~_ caused a water movement from outside to inside (Tauhenhaus, 
Fritz, and Morton, 1956). It was proposed that this water shift was 
an expression of a direct action of DCA upon the active transport of 
sodi urn. The large increase in resting potential of frog akin observed 
by Taylor and Weinstein (1952) when DCA. was added to their perfuE$ion 
bath oan be explained by proposing that the drug enhances sodium pumping. 
Thus, it seems that one mechanism of action of DCA is to enhance the 
active transport of sodium. Why, then, does skeletalmusole aooumulate 
cellular sodium after DCA treatment, when the sodium pump in muscle is 
thought to extrude this oation from an intracellular to an extracellular 
site? 
Evidence has been published whichindioates that the shift of sodium 
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into oella during DCA administration, instead of the expected extrusion 
of this cation, is caused by loss of muscle potassium. A falling plasma 
potassium concentration, causes potassium to move from. muscle cells into 
e 
plasma, sinoe muscle potassium serves as a reservoir for the maint~n-
ance of plasma potassium levels. Plasma potassium concentration falls 
during hormone treatment because of the marked enhancement by DCA. of 
potassium losses via the kidney and gastrointestinal tract. Ferrabee 
at al. (1941) showed that the addition of KCl to drtnking water, prevented 
the usual musole sodium aocumulation observed. with the drug. Conway and 
Hingerty (1953) found that the efrect of Del upon the muscle of an ani-
mal maintained on a low-Bodiumdiet is to cause a decrease in tissue 
sodium. Concomitant measurements upon animals fed high-sodium diets 
showed that an increase in muscle sodium was observed when DCA. was 
administered. DCA.tr'eatment caused a more severe muscle potassium 
depletion in the animals fed high-sodium diets than in the animals fed 
low-sodium diets. The failure of low~sodium animalato lose as much 
muscle potassium as the animals suppliec;i with ample sodium can be 
explained by the fact that renal loss of potaSSium oaused by DCA. is 
greatly reduced when low-sodium diets are used for anima 1 feeding 
(Howell and Davis, 19.54; Seldin, Welt, and Cort, 1956). 
A comparison of the effects of aldosterone and DCA upon the cerebral 
cortex and skeletal muscle of mice has revealed that DCA decreases eellu-
lar sodium in brain, but increases cellular sodium in muscle; however, 
aldosterone decreases cellular sod1um in both muscle and brain (Woodbur,y 
and Koch, 1957). Since aldosterone and Del both probably enhance sodium. 
transport, and since brain and muscle probably contain similar transport 
systems, some other reason for these anomalous results must be sought. 
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The quantitative difference in the effects of the two steroids upon 
potassium metabolism is a probable explanation~ The effects of DCA 
upon renal potassium losses are more pronQunoed than those of aldosterone 
(Swingle at al., 1954). For equisodium-retaining dose, DCA is 5 times 
more potent than aldosterone with regard to renal potassium excretion. 
Tissue measurements in the work of Woodbury and Koch showed that DCA 
slight~ increased brain cellular potassium concentration while muscle 
cellular potassiumconoentration was definitely reduced following DCA 
treatment. Aldosterone-treated animals had normal intraoellular potas-
sium conoentrations in both brain and skeletal muscle. Since increased 
sodium oonoentrations were observed only in cells losing potassium, 
additional support is given the hypothesis that muscle cell sodium 
accumUlation following ~ treatment is secondary to a loss of oellular 
potassium. 
The adminietration of DCA. and 1% sodium chloride caused rabbi t$ 
to exhibit marked abnormalities in their electrooardiographio patterns 
(Hall, Diserene, and Hall, 1954). These electroQardiographic abnormalities 
were similar to those of hypokalemia (Howard and Carey, 1949; Roberts 
and Magida, 1953; Magida and Roberts, 1953). The electrocardiographic 
abnormalities were reversed by the substitution of 1% potassium chloride 
for the 1% sodium chloride, even though hormone treatment was continued. 
Since data indioating that DCA treatment causes cardiae muscle cells to 
lose potassium and to gain sodium have been reported (Darrow and Miller, 
1942), the experiments above suggest that cellular sodium accumulation 
seen with DCA treatment is seoondar,y to cellular potassium loss. 
The possibility of DCA having primary extrarenal actions has been 
presented in Section II above •. The well-known renal and gastrointestinal 
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effects of this steroid to enhance potassium excretion have been presented 
in the same section. Therefore DC'A was administ~red to eviQcerated 
rats to detect any direct effects of the steroid that have been masked 
by total body and/or tissue potassium 108s9$. 
B. Methods 
Acute experiments. Male Sprague-Dawley rats of various weights 
were the subjects in all experiments. Uniform weight rats were used in 
individual experiments, but different size rats were utilized for differ",:"" 
ent studies. Rats weighing approximately 400 grams were employed for 
most investigations. 
The animals were eviscerated (Section III) a,nd divided into two 
groups. One group, the treated animals, reoeived a sUbcutaneous injec-
tion of 1 ml/rat of a solution containing 20 mg/ml of desoxYcorticoeterone 
acetate (Percorten, elBA.) suspended in 0.9% saline containing a few 
drops of T I'tleen 80. Another group, the oontrols, were i,njected sub-
cutaneouslY with 1 ml/rat of 'the suspension vehicle. 
EaCh animal received three injections consisting of 1.5 ml of a 
20% solution of glucose. The first injection was given immediately 
following surgery, the next injection was given two hours later, and 
the last injection was given four hours postoperatively. 
Six hours after drug treatment, the animals were anesthetized with 
ether and killed qy exsanguination via the abdominal aorta. Skeletal 
musole samples were obtained chiefly from the gastrocnemius; cerebral 
cortex samples were procured by separating the cortex from the brain 
stem ana. midbrain wi th tweezers. Tissue samples were prepared for 
analysis by drying 4 days and grinding the samples in a mortar. Brain 
samples were ground with glass rods in their dr,fing bottles, due to the 
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extremely small sample size. Plasma for analysis was obtained by 
centrifuging fresh blood samples at 3000 r.p.m. for 30 minutes. 
An identioal experiment was performed on intact rats, so that a 
comparison could be made between eviscerated and normal rats. 
Chronic experimen~s. Rats of the same size and strain utilized in 
the aoute experiments were employed for these studies. The eviscerated 
rats were not used for chronic studies because of the short survival 
time of this preparation. The dosage regimen was 5 mg of -ooA/rat/day 
(given as one O.25-ml injeotionof the DCA suspension above') for 4 
days. No glucose was given any of these rats. The sacrificing and 
sampling procedure are cited above. 
C. Results and Discussion 
An effect of DCA to decrease oellular sodium was observed in the 
eviscerated rat, as shown in Table.s 5&6.The effect was not seen in the 
intaot rat treated chronio~lly with DCA; indeed, a cellul&r sodium ao-
9umulation was observed in the intact anima 1, as presented in Tables 7 & 8. 
The eviscerated rat lost little cell potassium during the drug treatment, 
but the intact rat had a marked cellular potassium depletion. Therefore, 
it appears that DCA exerts a direct effect upon muscle cells to decrease 
cellular sodium, but that this effect is not seen if severe muscle potas-
sium depletion causes an overwhelming shift of sodium into muscle cells. 
On the other hand, intact rats treated for 6 hours with ~_ did not lose 
either muscle potassium or muscle sodium during the treat~nt period, 
as shown in Ta.bles 9 &. 10. 
Why, then, does the intact animal not respond to DCA in the Bame 
manner as the eviscerated rat when neither preparation exhibits a loss 
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TABLE 5 
Eftect ot IDA on Total Electrolytes and water 
in Plasma, Brai., and :Muscle ot Eviscerated iats. l 
PLASMA. 
H2O mEq/liter 
% Is K Cl 
Con.trols 91.61 134,,7 5~19 10502 (1) toll t 2.6 :!:017 t 1.54 
OOA 92.04 136.2 6.80*** 101.1 
(7) ... .095 ! 2.1 !.O58 + 1.8 
.,.. 
BRAIN 
H2O msq/kg wet tissue 
% Na I 01 
Con.trols 78.36 48.96 107.8 28.87 
(1) t .21 i1.1 t 104 t102 
001 78.62 47.59 108.9 ,32.42 (7) t .16 + .88 + .79 +1.3 
- - -
MUSCLE 
Ji20 mEq/kg wet tissue 
2 
% Is I 01 
Coatro1s 75.12 15.90 , 103.3 8.95 (7) ~ 02"6 t .36 t 1.6 tolJS 
reA 75.41 15.31 96.6** 11.04* 
(7) ! .19 ! .56 ! I., !,.83 
1Values given a~e mean t staadard error. 
2Va1ues given a~e calculated on a tat-free basis. 
Numbers in parentheses ( ). number ot animals reported. 
Asterisks in. this table an.d subsequent tables denote statistical 
sign.iticaacEJ: *H p < .001 
iHI' P 0.01-.001 
*' P ;:::. 0.05-.01 
Nope p > 0.05 
TABLE 6 
Effect of OOA 011 Extracellular and IDtraaellul.a.r 
Distrlbutioll of Electro lTtes and Water ill BraiD aad 
Muscle o~ Eviscerated Bats.l 
Intracellular cOl1centratioa 
mEq/kg cell water 
Cl space, % H20, % la I 
Brain Muscle Brain Musole Brain ~U8cle Brain Muscle 
24.06 7.11 54.38 68.01 29.04 8.84 195.2 1510' 
Controls 
(7) t l •2 "t o 33 :1.4 ± .46 tl.7 t· 86 t 'oO~ ± 2.9 
001 27.67 9.42** 50051 65.81* 16.82" 3.23*** 212.7 14,.7 
(7) 
t l .4 :.72 :1.4 + .83 !3.0 !.25 ± 6.0 ± 2.0 
-
lVa1ues giTen are mean t standard error. 
Hubers in paren.theses ( ). number of ani_ls reported. 
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'fABLE 7 
Chroaic Effect of DCA on Total Electrolytes and Water 
in PasR8 and Muscle of Intact Rats1 
PLASMA. 
H2O mEq/l1ter 
% Na K 01 
Controls 92011 13602 3.87 105.1 
(6) ! .12 ! 20' !o19 + 1.61 
-
OOA 92.02 137.8 2097** 102.2 
(9) ± .. 14 ! 300 :!:olS :!: 1.52 
MUSCLE 
H2O mEq/kg wet tissue
2 
% Na K 01 
('A)ntrols 75007 16.11 91.95 10.12 
(6) :!: 031 :!: 032 +2.1 + 064 
-
- . 
IDA 7,.,2 20040*** 87007 9094 
(9) :!: .21 :t .46 tl.4 t 072 
lValues giTen are mean t stan.dard erroro 
2Values given are calculated on. a fat-free basia .. 
Numbers in parentheses ( ). n.um.ber of ani_ls reported. 
i"ECCLES HEALTH SCIENCES LIBRARY 
TABLE 8 
Chronic Effect of DCA on ExtracellulAr and Intracellular 
Distribution of Electrolytes and water in Muscles ot Intact Ratsl 
Intracellular concentratioD 
H2O mEq/kg cell water Cl space, % 
% Na K 
Controls 8.42 68.6 601,3 13307 
(6) +.61 ! 0,1 !.,38 + 2.8 
- -
DCA 8.48 68., 12.64*** 126.1** 
(9) !o43 + .88 +.61 ! 2.4 
- -
lVaiues given are lleaD ~ stalldard error. 
Nabers in parentheses ( ). number of ani_la reported. 
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TABLE 9 
Acute Ef'fect of DCA on. Total Electrolytes 
and Water in PlaSIIl aad Huac1e of Intact Rats1 
PLASMA 
H2O DlEQ/11ter 
~ Is K 
Controls 91.8 136.7 3.70 
(5) ! .10 :! 2.9 +020 
-
OOA 9106 138.9 3.13 
(5) + .12 ! 3 .. 0 !015 
MUSCLE 
H2O mEq/kg vet tissue
2 
% Na K 
Controls 75.06 20.30 99.61 
(5) ± .31 ! .61 :!1t>4 
reA. 75.31 20.38 99081 
(5) t 026 t .34 t102 
1Va1ues given are mean :t standard error .. 












lumbers in parentheses ( ). nWlber of animals reported. 
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TABLE 10 
Acute Effect of DCA on 
Extracellular and Intracellular Distribution 
1 
of Electro l~es ~nd Water in KUBole of Intact Rats 
Intracellular concentration 
, 
H2O mEq/kg cell water 01 space % 
% lia K 
Controls 9.74 6703 9067 14707 
(5) t,051 t .63 !e32 ! 2.7 
DCA. 9.84 67.2 9.20 148.0 
(5) :!o37 + .82 :!:048 ! 3.10 
-
lValues giyen are lI1ean t standard error. 
NlDIbers in parentheses ( ):: ftube:r of ani_ls rep)rted. 
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of muscle potassium? Firstly, the eviscerated animals are in a debili-
tated $tate. Perhaps the administration of DCA. enhances the activity of 
a sluggish sodium pump, but has little effect upon an extrusion meohanism 
working at normal efficiency. Seoondly, the intact animals have normal 
adrenal function; the eviscerated animals do not. An antagonism may exist 
between the normal adrenal secretion and ])('A, as discussed by Thorne et 
a1. (1953) with regard to DCA and cortisone. No evidence available suggests 
that oorticosterone, the hormone secreted by the rat adrenal, antagonises 
DCA. Thirdly, the acid-base picture of the animals is different. The 
intact rat treated six hours with DCA did not exhibit any detectable 
acid-base cbs nges.. The evisoera ted rat shows a marked ce 11 ular a lka losis 
(see below, Section V). If a competition between sodium and hydrogen 
ions exists for the sodium carrier, and if hydrogen ion conoentration is 
decreased, the cell could pump more sodium and decrease the concentration 
of this ion in the cell. It is apparent that the unusual nature of the 
eviscerated preparation makes oomparisons difficult. 
The decreased o~llular sodium caused by DCA has been difficult to 
confirm. One variable that affects results is temperature. The eviscera-
ted rat has little control of his body temperature and rapidly assumes 
a temperature 1 or 2 degrees above ambient room temperature (Ingle, Pres-
trud, and Nezamis, 1950). Some experiments were done in ver,ywarm rooms, 
o 31 e.l Borne were done in comfortable rooms at 230 C. The animals studied 
in the warm Bummer months usually showed the most striking oellular 
sodium depletion. The cellular sodium deorease is also hard to demons-
trate in older animals. 
The direct effect observ'ed is probably an enhancement of sodium 
transport. Musole behaves like brain in the eviscerated preparation, 
as shown in Table 6. Brain sodium transport has been studied care-
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fully and found to be increased by DCA. Therefore; it is reasonable to 
assume that the muscle transport system would beha.ve in the same way. 
Conclusive proof will depend upon radioactive sodium flux measurements 
in muscle. 
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V. EFFECTS OF DCA UPON SKELETAL MUSCLE ACID-BA.SE BA.LA.NCE 
A • I ntroduotion 
Potassium is lost from cells of skeletal muscle when total body 
potassium is depleted b.Y DCA or by extended maint~nance of animals upon 
potassium-deficient diets (Harkness et a1., 1942J Muntwyler and Griffin, 
1951; Cot love et al., 1951). Several workers have found that from one-
half to two-thirds of the potassium lost from cells is replaced by 
sodium (Conway and Hingerty, 1948; Cooke et al., 1952). Even when 
potassium-deficient diets are continued for 135 days, the amount of 
sodium acoumulated by the oell never balances the amount of potassium 
that has left the cell (Orent-Kellas and McCollun, 1941). Thus, com-
pared to normal muscle, potassium-deficient muscle has an alkali metal 
ca.tion deficit. 
The brilliant papers of Derrow and o~workers showed that a deorease 
in muscle potassium is associated with a rise in serum bicarbonate 
(Iarrow et al., 1948). Muntwyler et ale (1950) confirmed this relation-
ship, although they qualified their results by indicating that decreased 
plasma chloride levels, as well as a potassium deficiency, were necessary 
for the produotion of an alkalosis. Balance studies by Cooke et al. 
(1952) demonstrated that hydrogen ions were liberated from skeletal 
musole during the administration of potassiun~ salts to a potassium-
deficient rat. The appearance of hydrogen ions occurred simultaneously 
with a correotion of muscle sodium aocumulation and potassium depletion 
caused by the potassium-depleting regimen used for animal feeding. 
Cooke reasoned that if hydrOgen oame from muscle during potassium re-
plenishment, it could have entered the musole secondar,y to a potassium 
depletion of the tissue. He reasoned further that a shift of hydrogen 
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ions from plasma or extracellular fluid to the tissue would be eonsis-
tent with the extracellular alkalosis recorded by Darrow and his colleagues. 
Thus, he proposed the classic mechanisms pictured below in figures 1 
and 2 to explain the hypoka lemic a lka losis observed with potassium 
deficiency, as well as its oorrection b,y the administration of potassium. 
other workers, commenting upon the results of balance studies in 
humans depleted of potassium, have speoulated that hydrogen ions move 
into cells when the cell is depleted of potassium (Black and Milne, 
'1952) Huth, Squires, and Elkington, 1959). 
Determinations of muscle cell pH by the indirect method of Wallace 
and Hastings (see Section II) have shown that muscle cell hydrogen ion 
concentrations increase when the cell loses potassium. Gardner, Mac-
Lachlan, and Berman (1952) have reported that muscle cell pH decreases 
from 6.98 to 6.42 when rats were fed a low potassium diet for 40 days. 
Similar studies by Sohwartz and Wallace (1952) yielded values which 
showed a pH change from 6.98 to 6.62. 
Not all studies, however, confirm the cellular acidosis cited 
above. The data of Darrow, Cooke, and Coville (1953) showed no marked 
cellular pH decrease in potassium-deficient animals. In fact, a rough 
calculation of intracellular pH, based upon the data given for the animal 
group with the greatest extracellular bicarbonate and muscle potassium 
distortion, showed that oell pH decreased only 0.1 of a pH unit. Even 
this decrease might be too large,beoause no data were given which allowed 
an acourate oalculation ot pC02• Eokel, Botschner, and Wood (1959) 
found that muscle intraoellular pH did not change when MU$cle potassium 
was decreased by means of a potassium-free diet. Further, many studies 
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Production of Alkalosis 
Fig. 2. Oel1 Transfer Producing Alkalosis in Potassium. Loss * 
*After Cooke et a1. (1952). 
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minimal extracellular alkalosis (Elkington, 1957; Schwartz and ReIman, 
1953; Fourman, 1954; Pearson and Eliel, 1951; Schwartz, Levine, and 
ReIman, 1954) Holliday and Segar, 1957). 
In nBny instances, the lack of correlation between potassium loss 
and acid-base changes has been explained by dietary factors. Animals 
fed low-sodium diets generally did not have an extracellular alkalosis 
of marked degree, even when they were fed low-potassium diets (Darrow 
et al., 1948; Holliday and Segar, 1957).. The fact that the animals 
must lose chloride to exhibit an alkalosi.s has been pointed out by 
Muntw.yler et ale (1950). In addition, the ratio of sodium to chloride 
has been shown to be very important. Black and Milne (1952) found an 
alkalosis associated with a potassium deficiency, but they administered 
large quantities of fixed cation that was not covered by fixed anion. 
The large load of a,lkal! contributed to, and perhaps even caused, the 
alkalosis observed. Carone and Cooke (1953) treated rats with DCA. 
while feeding them a potassium-deficient, diet, duplicating in many 
respects the experiments of Darrow et ale (1948). Carone and Cooke 
maintained an equimolar sodium to chloride ratiO, but Darrow and co-
workers had sodium to chloride ratio of 1 .. 5 to 1.0. Carone and Cooke 
found little elevation of serum bicarbonate; Derrow and his colleagues 
observed a marked extracellular alkalosis. Moore et ale (1955) summar-
ized several similar observations by stating that potassium loss un-
accompanied by excessive sodium administration shows little tendency to 
cause alkalosis) and that potassium loss complicated by extrarenal salt 
loss high in chloride, or by the administration of sodium, causes a 
significant alkalosis and a hypokalemia. 
A direct effect of adrenocortical steroids could also be responsi-
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ble for the L~ck of a predictable relationship between potassium losses 
and acid· base changes in extracellular fluid and tissues. The impor-
tance of a direc·t effect of adrenooortical hormones is indicated by the 
appearance of high serum bicarbonate values (total C02 content of 33-45 
mEq/L) in association with increased adrenocortical activity of either 
exogenous or endogenous origin (Elkington, Squires, and Crosley, 1951; 
Eliel, Pearson, and wnite, 1952; Moore et a1., 1955). Potassium losses 
reported in these instances amount to 1-6 mEq/kg. Since larger potHssium 
losses (6-12 mEqjkg) have been reported (Schwartz and Relman, 1953; 
Elkington, 1957) with only a minimal degree of alkalosis (total CO2 
content of 27-33 mEqjL), it appeared that the more severe alka.losis 
cannot be attributed to potassium losses alone. .tvIoore and his colleagues 
(1955) reviewed the literature carefully and concluded that fl{JCA, ACTH 
administration or stress (such a.s trauma or surgery) enhances the severity 
of potassium deficiency alkalosis. Grollman and Ga.mble (1959) recently 
reported that DCA can cause a metabolic alkalosis by a direct effect 
that is not associated with any decrease in body potassium. 
Insofar as muscle is concerned, the work reported above is deficient 
in two respects. Firstly, most of the information about DCA effects upon 
muscle acid-base changes has been extl'apolated from potassium deficiency 
experiments. Enough information has been presented above to indicate 
that differences probably exist. Secondly, muscle pH has not been de-
termined in any experiment in which DCA administration was the only 
treatment given the animal. All reported experiments include simultaneous 
low-sodium, low-potassium, low-protein, or low-chloride diets which 
complicate results. That is to say that the direct effects of steroids 
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upon muscle acid-base balance have not been considered, with the possible 
exception of the work of Grollman and Gamble (1959) cited above. There-
fore, the experiments reported below were performed to study the direct 
effecte of ~. upon skeletal muscle by doing a complete acid-base 
analysis of the blood and tissues of the eviscerated rat. 
Acid-base measurements could conceivably give some information about 
another problem concerning muscle hydrogen ion' concentrations. Namely, 
are hydrogen and sodium ions actively extruded from the muscle cell by 
the same carrier mechanisms? The basis for such a postulate is as follows: 
Firstly, both ions are actively transported in muscle. The pumping of 
sodium in skeletal muscle is well known and not subject to question 
(see Conway, 1957). Hydrogen ion pumping is indicated by the distribu-
tion of hydrogen ion against a PQtential gradient. Extracellular hydrogen 
. ion concentration is 4 X IO-e; the extracellular pH is 7.4. A reasonable 
value for the membrane potential of normal skeletal muscle is 90 mV, 
the inside of the fiber being negative with respect to the outside. 
If the membrane is permeable to hydrogen ions and if these ions are 
distributed PQssively according to the Donnan equilibrium, the following 
relation holds between external and internal pH's and the membrane 
potential, at 25°Ca 
Internal pH - pH of surroundings -resting potential (mV) 
59 
A t a membrane potential of 90 mV and an external pH of 7.4, the internal 
pH of muscle is calculated to be 5.9. However, the internal pH is in 
the vicinity of 7.0 (see Section IV above; Wiercinski, 1955; Caldwell, 
1956); or, in other words, the cell is more alkalotic than predicted by 
theory. The removal of hydrogen ions from the cell to the extracellular 
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fluid is an explanation for the relative alkalosis of the cell. Secondly, 
other studies indicate that hydrogen ion-sodium ion competition for a 
common carrier is a feasible hypothesis. Schoffeniels (1956) has shown 
that hydrogen ions can inhibit the transport of sodium in frog skin. 
Conway and Kerman (1955) havefQund that baker's yeast can transport 
sodium and hydrogen ions equally well by supposedly the same carrier 
system. In frog muscle Swan and coworkers (1958) have presented evidence 
that sodium efflux is an inverse function of intracellular pH. 
The known effect of DCA to enhance sodium transport could be used 
as a tool to study this problem, provided the hydrogen ion changes were 
large enough to be detected by the available methods. The possibility 
of some success in clarifying this problem was an added incentive to 
complete the experiments on muscle acid-ba~e balance outlined above. 
B. Methods 
The experimental design, the saCrificing procedures, and the sampling 
techniques have been outlined above in Section ~II B. However, some 
special sampling techniques were required for the acid-base samples. 
The techniques are discussed in the following paragraph. 
Blood samples were colleoted in oiled syringes containing heparin. 
A fraction of each blood sample was used for a pH determination, as 
discussed in Section III. Blood pH was determined immediately before 
any significant lactic acid production by the red blood cells could 
occur (Peters and Van Slyke l (1938). The remainder of the blood waB 
placed under mineral oil and centrifuged a8 soon as pOSSible, usually 
within 30 minutes of sampling time. Plasma samples were separated from 
red blood cells, and stored under mineral oil in a refrigerator until 
analysis. Carbon dioxide analyses were performed on plasma samples by 
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either of the two methods cited above (Section III), within 24 hours of 
their procurement. The solubility and diffusion rate of carbon dioxide 
in mineral oilhave been studied by Kubie (1927). His diffusion experi-
ments are difficult to evaluate quantitatively, but a definite loss of 
carbon dioxide through a mineral oil layer was evident from. his results. 
The validity of results obtained by analyzing plasma samples that had 
been stored under oil for 24 hours, in view of Kubie's experiments, 
1 
could be questioned. However, the carbon dioxide content of fresh 
samples compared to samples that had stood for 24 hours was not signifi-
cantly different_ Tissue samples were oollected and ana~ed a8 discussed 
in Appendix 1. Calculations were completed acoording to the procedure 
outlined above in Section III and Appendix 2. 
c. Results and Disoussion 
'I 
The aeid-base changes in the intact animals treated 4 days with 
OCA are shown in Table 11. Aoid-base ohanges in eviscerated rats are 
presented in Table 12 • The data for intact rats treated only 6 hours 
wi th DC.~ are shown in Table 13. Cell values were not calculated be-
Cause the observed lack of a significant change in either plasma pC02 
" or tissue total CO2 would not be commensurate with a change in cell pH. 
All data in these tables are caloulatedfor individual anima1.s. 
The data in Tsole 11 shOt" that DCA causes an extraoellular alkalosis 
in intaot $nimals. The extracellular alkalosis shown hel'e differs 1.n 
d&~"'t·.""c., 
one respect from the alkalosis associated with potassiumAin one important 
respect. The concentration of plasma H2C03 is reduced in DCA animals, 
but animals made deficient in potassium by diet:~estriction of potassium 
show an inereased plasma H2C03- The decreased H2C03 in the DCA-treated 
animals is the result of an effect of the drug; the increased H2C03 
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TABLE 11 
ChroDic Effects of DCA. lIPOD Plas_ and Tissue 
Acid-Base Balance ill the In.tact Rat1,2 
PLASMA TISSUE 
-B003 120°3 Total COI'J Intracellular values pH mEq/kg 
IIlEqjL RlEq/L vet weight BOO3 
-2 
7038 20.45 1005 13.19 
C 7.24 16047 1019 12.52 
0 
N 7.42 20.07 .96 13052 
T 
R 7043 21061 1000 12.35 
0 
L 7.39 20.34 .99 11.96 
s 
7.33 20.56 1.20 11.88 
rloJ7t.02t5 ... 90 92t012 !o07!J5Ii~ !~0;7:!:.27 
7 .. 52 23.29 .88 12.74 
7 .. 50 19 .. 31 .77 11065 
7.49 22.07 .. 90 12028 
D 7(1,0 21.33 .85 12.98 
C 
A 7.48 24017 1000 12 .. 73 
7.43 19051 .. 91 13023 
7 .. 49 21072 089 12067 
7.k3 22042 1.04 12.52 
7.44 24075 1.13 15.09 
7.48*.OlliH1 ~O .. 63±o58 093to03.5'"' 12088t.31 
1Al1 meaDS '! standard. erroro 














































Acute Effects of DC! Upon Plasma and fiBsie 
Acid-Base Balance in. the Erlscerated Rat· 
PLASMA. TISSUE 
-HC03 H2C03 Total CO2 Iatrace11u1ar values pH aEq/kg 
IlEqjL mEq/L tnt weight 
7.18 17.34 lohh 12060 
7.19 11073 095 12050 
7.40 l41>28 .72 13.46 
7.19 14044 1.17 12.08 
7023 18.62 1038 11033 
!7.24t.041 ~5(>2~t1.22 t.tj:!;.tj r,L2.36t035 
7.39 14.06 0721 13066 
7.47 13.71 0584 13.47 
7.37 14043 .776 13.45 
7027 17.62 1017 12051 
i1.3B±.041 ~ ~409bto90 oB13tl~ 13027!o26 
7.27 12081 0851 12.17 
7.28 15.05 .993 12000 
7019 17.04 1038 13096 
7.32 11.93 .701 11.33 
7.27:t.020 u...21t1014 .9Blto1~ L2.37:!:o57 
7.41 14.86 0726 12.70 
7.41 15.02 .736 12.40 
7 .. 47 10.24 0450 11.64 
7043 ; 11.26 .526 11.68 
7.44 11079 0392 1102.3 
7 .1l3:!: .011"""" 120b3:!:097 0~OOto07· .. 1.93·.27 
7.36 14004 .612 17018 
7.29 12.84 0828 14.31 
7.33 12090 .758 15.67 
7.k2 13,,32 .638 14.99 
7.38 10.37 .858 1k033 
7.37 13049 .725 14066 
7 o3b%oOl~ L2.ts3±o52 .?'IOteO)3 I-So19±o45 
7.51 14 •• 6 .562 15.78 
7ok8 1la.o53 0605 ,13068 
7.48 12.26 0511 114.32 
7.49 lh.27 .582 15080 
70.3 12.54 .585 15.67 
7.44 13070 .624 ...... 14.61 
7047±oO,,'"'' 13.03t041 o 57tst 0 010' l·14·9~t.37 
I 
1A11 means:!: standard error. 
2 OonceRtratiofts in mEq/kg ee11 water. 
_2 2 
HC03 H2C03 pH 
15.00 1.54 7009 
16021 1.02 7.30 
17.59 0767 7046 
14095 1.25 7018 
13000 1.48 7.05 
L5 o J5,!o"TO I.2!t. IIi F( 02~toOr( 
17.92 0771 7.47 
17.84 .625 7.,6 
11.49 0830 7.42 
15016 1025 7.18 
L7010!066 0809%01:; 7.41t.081 
15.68 .911 7.33 
14.94 1.06 7025 
17.19 1.48 7017 
14.70 075 7.39 
~5063t056 lo0~:to1l) ~.21t.046 
16036 .779 7.42 
15.87 .787 7.41 
15 .. 70 .4B1 7061 
15.,3 0,0.3 7.54 
14.96 .419 7.65 .. 
15.661:023 .o()~.oB· ~.5Ji:oO.9A-
2.3.14 .868 7.52 
17.97 0886 7.41 
21008 0811 7.,1 
2001k .683 7.57 
19.28 .918 7.42 
190,2 .776 7.,0 
20.19t.73 .8'4t.O~; 7.At.9:!:o025 
21.28 .601 7.65 
18.03 • 647 7.5 • 
19042 0547 7065 
21.)0 .623 7063 
21.34 .626 7.63 
19.52 0668 V'HL7 ",7 .K..N. 20.iEto~o .0191':0017 7.o1t,.OltS ... 
-,6a-
TABLE 121 
Ana171'is ot Yariallce for Cell pH in Table 12 
Variation Degrees ot SUIl ot Mea a F p 
Freedom SQ.uares Squares 
DCA trea tlient 1 0239 0239 1964, , .001 
Between 2 .Job. .1,2 12037 0001 
experiments 
Interaotion 2 0.018 .009 1037% 0020 
Wi thi. groups 24 .295 .01229 
Total 29 .873 
This table ahows that DCA treatmeat viii change eell pH significantly .. 
However, the cell pH's obtained trom day to da,- are sign.if'ioantl,- different .. 
The lack ot interactioD shows that DCA will exert the effect upon each 
experimental cia,-, beginning at any control level. 
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TABLE 13 
ACllte A~id-Base Effects of DCl 
ill Intact Ao.i_181 
Pas_ 
pH Total CO2 1IEq/L 
Control 7048 21.99 




7 0 47!oOl ~!oli~! .. 89 
DCl-Treated 7.49 20.30 
7046 22016 
7.47 21.4, 
7.47 22 .. 26 
7.4, 23 .. ,3 
7oIi7!:oOO7 ~1091i!o>J 
















in the diet-induced potassium deficit is caused by a compensatory 
hypoventilation to correct the alkalosis. DCA-treated animals should 
also hypoventilB.te to compensate for the alkalosis, but the effect 
observed is that of a hyperventilation. 
A direct effect of DCA to cause an extracellular alkalosis is 
~hown by the data in Table 12 • No potassium losses occurred in these 
animalsj nevertheless, an extracellular alkalosis was observed. These 
data confirm the recent observations of Grollman and Gamble (1959). 
who reported that animals treated with DCA exhibited an extracellular alkal-
osis even when potassium losses were prevented by low-sodium diets. 
They attributed this alkalosis to a direct effect of DCA.. The data from 
DC~-treated animals shown here indicate that plasma H2C03 decreases after 
treatment,. Grollman and Gamble reported an increased H2C03• This is 
rather surprising since both animal groups received DCA and neither 
group exhibited potassium losses. However, the animal groups were 
different in several respects. The eviscerated animals had undergone a 
traumatic operation and had been adrenalectomized as well. They also 
~c~d 
had developed a marked metabolic ~osis secondary to the evisceration. 
Grollman and Gamble's animals had been on low potassium .... low sodium diets 
for severfll days and were in reasonably good health. However, no ejC.planation 
of the' difference in H2C03 'is apparent from any of these differences. 
The most striking effect of DCA shown by these experiments is the 
intraoellular alkalosis induced by DCA. Calculations of intraoellular 
pH from C02 data show that intracellular pH is increased, both in the 
intact and the eviscerated animal. This alkalosis is not in'agreement 
with other studies which show that DCA administration causes a cellu~ar 
acidosis. However, other stu~ies in which cellular pH has beeA measured, 
and not assumed on the basis of extracellular acid-base changes, have in-
-.590: 
eluded other WlriAbles, e. g., low potassium diets. These experiments may 
have measured the resultant of two opposing effects so that any direct 
effects of DCA could have been masked. Differences in the effeets of DCA 
administration and potassium deprivation upon extracellular acid ... base changes 
have been pointed out in the introduction to this section. The possible 
differences between DC~ treatment and potassium depletion at the cellular 
level have not been discussed. 
The possibility exists that sodium and hydrogen ions are both pumped 
from the cell to the extracellular fluid by the same extrusion mechanism. 
If DQ~ enhanced this process, a depletion of cellular hydrogen ions would 
occur, and the observed alkalosis would be explained. However, H2C03 con-
-centrations in the extracellular fluid are decreased,and HCO) concentra-
tions are increased. These findings are not compatible with the idea that 
hydrogen ions are moved from the cell to the extracellular fluid. potas-
sium deprivation, on the other hand, would cause the sodium-hydrogen pump 
to slow down, because a normal potassium extracellular concentration is 
necessary for efficient function"oi' the pumping meohanisms. This would 
lead to cellular aoidosis and sodium acoumulation, both of which have 
been observed in potassium deficiency. Thus, potassium deficiency and 
DCA administration could cause different effects upon cellular pH. 
Because the enhanced extrusion of hydrogen ion caused by DCA will 
not explain all of the observed effects, other 'possibilities should be 
explored. In many experiment,s the accumulation of C02 in the muscle of 
OCA-treat~d ani!T1~ls is quite marked, and extraoellular pC02 is lowered. 
This could mean that the CO2 produced in the cell is not in equilibrium 
1.Jith the extracellular fluid. aecause equal tensions of C02 in all body 
oornpartments are assumed in the calculations of int,racellular pH, a 
diseqti Libriu.'1I. of this type would indicate a cellular alkalOSiS, since 
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a low cellular pC02 would be assumed. Equilibrium distortions of this 
type have been reported in brains of acetazolamide-treated animals 
(Koch and Woodbury, 1958). These authors argued that cell pH caloulations 
based on CO2 data were not reliable in their experiments because other 
evidence indicated that the cell waS acidotic, rather than alkalotic as 
indicated by the CO
2 
calculations. The same argument could be applied 
to muscle in the experiments reported here. However, there is no 
evidence that DCA can interfere "lith CO2 equilibrium in this fashion. 
The final resolution of this problem will come 'Vlhen simultaneous determ-
The overall acid-base picture of the animals is confusing. Intact 
A, " '." -),,4$,& 
animals have norm91"pictures '\-d.th the exception of a respiratory alkalosis 
induced by ether inhalation. The control eviscerated animAls have a marked 
metabolic acidosis. Yet both groups of animals respond to DCA treatment 
by increasing extracellular HCO'; and decreasing extracellular pC02-
This action of DCA does not seem to be affected by previously existing 
acid-base distortions. 
In sun.mary, DCA causes a cellular alkalosis associated with a confusing 
acid-base picture. The explanation of this alkalosis is not readily 
apparent , put it is real. The findings presented here will force 
a revision in thinking concerning the effects of steroids upon acid-
base balance. 
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VI.. EFFECTS OF DCA UPON SKELETAL MUSCLE LYSINE CONCENTRATION 
A. Introduction 
Lysine conoentration changes in skeletal muscle have been reported 
in potassium defioienoy experiments. Eokel, pope, and Norris (1954, 1958) 
showed that DC~ administration and/or low-potassimn diets increased 
muscle ooncentrations of lysine.I~cobel1is, Muntwyler, and Dodgen 
(1956) oonfirmed this observation. Vernadakis (1957) showed that lysine 
conoentrations w'ere lowered in· cerebral cortex subsequent to DCA trea.t-
ment. 
It has been proposed that lysine enters muscle cells to ameliorate 
the cation deficit observed in the muscle of potassium-deficient animals. 
Eckel, Pope, and Norris (1958) compared changes in muscle lysine con-
centration with metallio cation deficits and concluded that lysine was 
a significant cation in potassium-depleted muscle. Further, they pro-
posed that lYSine, rather than hydrogen ion, was the mobile cation which 
made up the cation deficit observed 'When muscle potassium loss was grea.ter 
than muscle sodium accumulation. Lysine feeding experiments substantiated 
the proposal that this amino acid could serve as a mobile cation (Eckel" 
Pope, and Norris, 1958). The observation that lysine entered muscle 
cells in lieu of hydrogen ions following a muscle potassium depletion 
suggested that the decrease in cellular pH thougttto take place in such 
circumstances ,might notocour. 
Lysine concentration changes in muscle could be of significance for 
other reasons. Amino acids have been connected with active transport, 
u8ua~ly with the insinuation that the substanoe is related to, or 
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epon.ymous with the sodiu.. carrier. Temer, Eggleston, and Krebs (1950) 
implicated glutalde acid i8 the transport of potassiwn ill isolated brain. 
slices and retinal sections. i\Yriag aad IbughertT (1955) speculated 
that histamiae is the carrier substanoe, at least in frog m.uscle. 
Vernadakis (1957) interpreted Dl'8il1 allino acid data as indicating that 
glutawdne 1s a carrier for 80diUll trall8port across brain cells. Con.way 
and Duggan (1958) demnstrated that allino acids affeoted 80diUll transport. 
They found that sodium. transport out of yeast cells was iacreased by' 
an. in.crea.se in the concentration of 17eine, and other basic allino acids, 
ollteiae the cell. A possible Maie allino acid-Na lillkage in a transport 
systell i8 indicated by' these data. 
Experiments necesS8r.y to produce information concerning 17sioe fuac-
tioD. in carrier processes were be10nd the soope of this investigation. 
The lysiae studies presented here vere condu.cted primarily for the pur-
p:>se of correlating 178i.e concentration. chatlges ill Dll1scla with. shifts 
of Ill\1Bcle potassiUM and hydrogel. ion concentrations. 
B. Methods 
AlI1no acid experiments were performed on intact and eTiscerated 
animls in the acute experiments out1iaed in IV B. 10 ohronic amino 
acid data 'W8.S collected during these studies. All saDipling and analy-
tical procedures are cited in Sectioll III., 
C., Resul t8 and Di.scuBsio n 
The results of the lynDe stud.ies are sD:>wn ift Table 14. L78i8e 
coDcentratioRs in skeletal Iluscle of intact and eviscerated rats are not 
altered by DCA. The data ill Table 14 do not oonfirll the data of Eckel, 
Pope, and Harris (1958) which showed that l.y"sine ooncentrat.ioll8 in Decle 
were increased by' DCA treatment. However, the changes in muscle potassilDl 
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TABLE U 
Effect of DCA on Lysine Concentration. 
in Skeletal Kusc1e 
Intact Eviscerated 
'" 
Control DCA-treated Control DCA-treated 
mg/100 g wet tissue 
78 70 90 100 
7h 70 11, 120 
73 85 96 110 
80 75 119 105 







mean • 77 mean • 75 1lea.J1 • 102.b. _eab • 100.$ 
std. error • std. error • std. error == std. error -
! 1.48 ! 3.53 ! 5.55 ! 8016 
p • > 005 p -).05 
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were not sill11ar. In. the experiments presented here, DCA treatment was 
continued for onq 6 hours.. No potassium. _s lost from muscle during this 
time (see Table 10). The experiaent of Eckel, Pope, and No:tri.s was a lomg-
tera study ia. which marked decreases ill auscle potaasiua were 0 bserYed. 
Therefore, 1t appears likelT that ly'sine coltcentratiolls ifl IJ.U8cle increase 
seconda17 to a JI1U8cle potassium 10S8 caused bT either a low-potassiu diet 
and/or the adJainistration. of OOA. 0 Further evidence to support the proposal 
has been presented b;r Eckel, Pope and lorris (19$8). TheT fed rats a 
low-potassium, low-protein diet which did not deplete DlUscle potassiua 
even after 21 days. No lTsiae accuu1ation 1I8S observed il'l. tIlese experi-
Ments. The auscle data shown ia Table 14 do not confirm the effect of 
DCA upon cerebral cortex obserYed &7 Vernadakis (1957). She found that 
DCA administered for oo~ 6 hours oaused a significaat decrease in brai. 
17sine CODceatration. 
10 evidence has been obtained to show that l,..ioe concentration 
changes are significant in llUacle acid.-base fluctu:tioft8. Table 1$ shows 
a comparison of cell pH and IDUSc1e allino acid collcentratiolls. The correla-
tion coefficients calculated for each an.i_l group ahow that tile relation. 
between cell pH aad lysine concentrations is Bot predictableo Tae 1781l1e 
data reported here do au.pport the firtdiJ1g8 of Eckel, Pope, and Norris 
(19S0) which showed that l7sine concentrations increased when the .uscle 
cell became Jll)re aciciotico The wide range of eell pH's, 7oo5-706S, 
smWll here is JaUch greater thantbe pH 1"8tlges reported by Eckel, Pope, 
and lorris yet these data indicate go lTaine chaages. Recent17, eTiclence 
has been published which indicates that ly'sine acoumnlates in Decle 
even though the cell loses potassium and shows no pH chaages (Eckel, 
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TABLE 15 
Comparison of Muscle L78ine~ Coftcentra-t't,oltwitlt Cell pH 
Intact Eviscerated 
Cell pH Muscle L7Bine Cone It Cell pH MUscle Lysine CoRC. 
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7.57 . ,5 
7063 123 
7.65 66 
r =-e201; p --" .0, 
1ft' 
o Intact control 
• Intact DCA. 
g Eviscerated. control 
• Ertscerated DCA 
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Botschner, and Wood, 19,9) 0 The present report agrees with. tile obaerntioD 
that lJaine concentratioD changes are not related to IlU8cle pH changes. 
The intact ani_la bave lover 1IlU8cle 17aiae concentrations than those 
of the en.8cerated ardmals, as shown. in. Table 14. No apparea.t explanation 
is forthcolRing for this discrepancy. 
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VII. THE BA.RIUM-SOLUBLEFRJ .. CTION 
A. Introduction 
Conway and Fearon (1944) have presented data which show that a 
significant fraction of the total acid-labile CO2 in skeletal muscle is 
not derived from HCO) - and H2C03• They found that a portion of the CO2 
extracted from muscle did not precipitate When BaCl2 was added to an 
alkaline muscle extract. The authors concl~ded ·that this barium-soluble 
fraction represented some bound form of C02 which was not available for 
cell buffering, but whioh yields CC2 tn acid solutions. Therefore, they 
reasoned that the use ofacid-lsbile CO2 measurements for the calculation 
of distributions of HCO)- and H+ was not valid unless a correction was 
made for the CO2 liberated from the barium-soluble fraction. 
Hydrogen and HC03- ion distributions were cal~ulated by these authors 
from C02 data which had been corrected for the barium-soluble frElction. 
They found that extracellular-intracellular concentration ratios of both 
H+ and HOD) - agreed with ratios predicted by the existence of a Donn.qn 
equilibrium between the two fluid (1ompartments. This indicated that the 
muscle cell was permeable to bicarbonate, and that hydrogen ions were 
distributed passively across the muscle membrane. Both indications 
disagreed with current ideas concerning membra.ne permeability and 
hydrogen ion transport. Furthermore, if a barium-soluble fraction were 
Actually present in muscle, the standard calculations of intracellular 
pH, which utilize CO2 data, would be in serious error. Therefore, it 
was decided to repeat the experiment of Conway and Fearon, and to stu~ 




Two types of experiments were completed. Firstly, the presenoe or 
absence of a barium-soluble fraction was determined by repeating the 
original experiment of Conway and Fearon. A muscle ~ample was extraoted 
in the cold with 0.2 KOH. The acid-labile CO2 in an aliquot of the 
extract was determined by methods described in Appendix 1. The barium-
soluble fraction 'was detected by adding BaCl2 to an aliquot, separating 
the BaCO) precipitate by centrifugation, and analyzing the supernatant 
for CO2 • The presence of C02 in the SUpel'r'latant after the addition of 
BaC12 and separation of the R'lC03 was interpreted as indicating a bariurn-
soluble fraction. 
Secondly, ultraoentrifuge experiments were carried out to study the 
nature of the barium-soluble fraction. The experiments were designed to 
test two hypotheses: 1, that the ordinary laborat9ry centrifuge was not 
powerful enough to separate the Ba003 from the thick KOH solution; and 
2, that protein was serving as a sllspension vehicle to prevent BeC03 
prt1c'ipitation (see Kirk, 1950, for 8, discussion of the suspending proper-
ties of muscle extracts). The first hypothesis 1-f2S studied by adding the 
BaC12 to an aliquot of muscle extract before centrifugation at 100,000 
X g for 2 hour·s. The second hypothesis was examined by adding Ba012 to 
a muscle extr~ct after th(3 extract had been centrifuged for 2 hours at 
100,000 X g. 
c. Results and Discussion 
The data of the centrifugation experiments are shown in Tables 16 
and 17. The values gi'V'en in Ta.ble 16 indicate that a barium-soluble 
frac'i",ion is present under these experimenta 1 condi tiona. However, the 
size of this fraction compared to the total C02 content of the muscle is 
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TABLE 16 
Dei~ Variations of the Barium Soluble Fraction 
Experiment Number of Total ,CO2' Barlwn Soluble 
Determinations nun/kg Fraotion mm/kg 
1 4 .8.46 5.31 
2 4 9.)2 3.08 
3 10 9.17 0.,7 
4 8 11.57 2.12 
5 8 11.08 traoe 
6 8 8.79 7.11 
1 6 9.21 1.09 
8 8 11.16 0.89 
9 8 8.58 0.77 
-69-
not as reproducible as the fractions reported by Conway and Fearon. 
Table 1'1 shows that the barium-soluble fra.ction observed in any particular 
experiment cannot be centrifuged out even after a 2-hour exposure to a 
force 100,000 X g. Table 17 further shows that any interfering substa.nce 
which was extracted with the KOH could not be separated by centrifugation. 
The experiments described above do not explain the nature of the 
barium-soluble fraction; however, they indicate that the barium-soluble 
fraction is probably not a suspension of cr,rstalline BaCO). Conway and 
Fearon claimed to have eliminated the possibility that the carbamino 
compound was responsible for the appearance of the barium-soluble fra.c-
tion. At present, this is all the direct knowledge we have about the 
existence of a barium-soluble fraction. 
However, the fallacious nature of the barium-soluble fraction is 
indicated by experimental results reported by other workers. When the 
ba.rium-soluble fraction was subtracted from the total acid-labile CO2' 
Conway and Fearon oalculated the pH of the muscle cell to be 6.0 • 
• ;0 ...... 
Reoent work with dimethyloxazolidine~(DMO) has shown that the pH of the 
skeletal muscle cell is approximately 7.0 (Waddell and Butler, 1959). 
DMO is a weak acid thA.t distributes itself across cell membranes in the 
same manner as carbonic acid; that is, the membrane is permeable to the 
non-disassociated form but will not freely pass the ionized form of the 
acid. 1i1}"addell and Butler used the same assumptions for calculating 
oellular pH from TIMO data as are commonly utilized for pH calculations 
with CO2 data. The fa~ct that results with DMO agree with those calculated 
from tot~l acid-labile carbon dioxide, but do not agree with those 
calculations corrected by a barium-soluble fraction, indicates that the 
existence of a barium-soluble fraction is doubtful. Direct measurements 
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TABLE 17 
Ultracentrifuge Effects on the Barium-Soluble 
Fraction of Muscle 
, COi\TTROL OENTRIFUGED* 
~periment 
rt EXperiment Experiment Experiment 2 1 
Total CO2 in muscle 9.53 8.02 9.11 
Barium-soluble fraction 
(bari urn added after ex- 5.67 4.00 5.67 
tract oentrifugation.) 
Barium-soluble fraction 
(barium added before ex ~ 5.67 4.00 5.07 
tract centrifugation.) 
*40,000 r.p.m. for 2 hours. 
TEaoh number is the average of three determinations. All 






with glass electrodes in crab muscle end squid axon confirm the muscle 
cell pH to be approximately 7.0 (Caldwell, 1958). The maint~n~nce of 
A 
a cell pH greater than 6.3, even in the face of ver,y high extraoelluL~r 
hydrogen'ion concentrations, has been demonstrated by metabolic experiments. 
Hill (1955) has shown that lactic aoid production continues even though 
extracellular pH falls to a value of 5. Lactic acid produc'bion normally 
ceases at pH 6.3. If hydrogen ions were distributed according to the 
Donnan equilibriUM, as predicted by the barium-soluble data of Conway 
and Fearon, the internal pH of skeletal muscle should be 1.5 pH units 
lower than external pH, as shown by the following calculation: 
Internal pH - External pH • Membran~potential 
, 59 
For skeletal muscle, membrane potential = -90 mV. At an external pH 
of 5, the interna 1 pH should be: 
Internal pH • -1.52 + 5 • 3.48 
Thus, the conclusions of Hill. argue strongly against the presence of's 
barium-soluble fraction in muscle. 
Little work has been done on the problem of the barium-soluble 
fraction since Conway and Fearon first made their report in 1944. 
However, enough information is available to indioate strongly that the 
barium-soluble fraotion is an artifact. Although muscle acid-base 
physiology is not being retarded because of the barium-soluble fraction, 
the elucidation of its true nature poses an interesting problem. 
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SUMIvTA.RY 
It has been found that the primary effects of DC.~ upon skeleta.l 
muscle, particularly the effect upon sodium movements, are masked by 
electrolyte shifts that are secondar.y to muscle potassium depletion. 
The muscle potassium depletion is caused by an action of DCA to promote 
potassium excretion via the kidney and digestive tract. When muscle 
potas~ium losses were prevented in an eviscerated preparation, a direct 
effect of DCA to decrease cellular sodium was demonstrated in this tissue 
for the first time. In addition, direct actions of this steroid to in-
crease total muscle carbon dioxide and to cause an extracellular alkalosis 
were observed in experiments where no potassium losses oocurred. Calcu-
lations of intracellular pH based on data derived from carbon dioxide 
measurements reveal that control animals had a musole pH in the Yioinity 
of 7. DCA treatment of both intact and evisoeratedanimals caused the 
muscle oell to become alkalotic. These experiments indicated that DCA. 
exerts an effect upon muscle acid-base balance in the absence of any 
Changes in muscle potassium. 
Amino acid studies failed to support the observatIons of other 
workers that basic amino acids, particularly lYSine, are mobile cations 
in muscle acid-base changes. No change in the conoentrations of basic 
amino acids in muaole celie suffioient to counteract metallic cation 
deficiencies wa~ detected. No reproducible changes in basic amino 
acids were observed following acid-base changes in the musole. 
Investigations of the barium-soluble fraction of muscle showed 
that the fraction is highly variable in size, and that it is not a 
protein suspension of barium carbonate. 
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APPENDIX I 
A Simple Method for the Analysis of Total 
Carbon Dioxide in Tissue and Plasma-i~ 
Theory. Carbon dioxide (C02), derived either from caroonic acid 
or bicaroonate ions, is released when a tissue sample is placed in a 
solution of ferric fluoride (FeF3). The FeF3 solution acts as an acid 
lolhich can expel C02 and also inhibit enzymatic production (ranielson 
and Hastings, 1939) of additiona 1 carro n dioxide. 
The amount of CO 2 released can be measured by absorbing the gas in 
a solution of barium hydroxide (Ba.(OH)2). The CO2 is hydrated to form 
H2C03 which reacts quantitatively with the barium ion to form an equiva-
lent amount of insoluble oorium caroonate, as shown in the equation 
below: 
The decrease in Ba(OH)2 concentration caused by the formation of 
insoluble BaC03 is directly proportional to the amount of CO2 absorbed. 
One mole of C02 forms one mole of fuC03, and each mole of BaC03 formed 
causes the disappearance of one mole of Ba(OH)2. Thus, if the aroount of 
.. 
Ba(OH)2 present before and after CO2 absorption occurs is measured, the 
difference in Ba(OH)2 concentration is directly proportional to the 
amount of CO2 absorbed. The amount of C02 absorbed is, in turn, equiva-
lent to the CO2 present in the tissue. 
~rSpecific suggestions of Dr. R. E. Eckel, Department of Medicine, 
Western Reserve University, Cleveland, Ohio, were utilized in the 
development of this method. Some details of this method have recently 
been published (Eckel, Botschner, and Wood, 1959). 
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The decrease in Ba(OH)2 concentration, and consequent~ an estimate 
of tissue 002,-c8n be measured b.Y a simple titration with a strong 
acid. The Ba003 will not react with strong acid unti 1 a 11 the excess 
Ba(OH)2is neutralized. However, In003 will dissolve in acid ~f the 
" "tf~tration is continued beyond the neutralization point of the hydroxyl 
ions of the 13a(OH)2. Therefore, the titration must be stopped before 
the Bae03 reacts, but after the hydroxyl ions have all been neutralized, 
if the amount of HCl added is to be directly proportional to the amount 
of CO2 origina lly present in the tissue. This is accomplished by choos-
ing an indicator that changes color when the hydroxyl ions are neutral-
ized. 
Phenolphthalin would have been a suitable indicator for this hy-
droxyl ion neutralization point if the color ohange from red to color-
less at pH 8 could have been easily deteoted. Unfortunately, this ~s 
not the case, so another detection method for the end-point was devised. 
Phenolphthalin was combined with a mixture of methyl red and bromcresol 
green to give a wine-red color. At pH 8 this mixture changes color from 
wine-red to forest-green; the green color is the color of the· indioator 
mixture at any pH greater than 5.1. The color change stops the titra-
tion at a pH slightly-below 8. The high pH prevents the reaction of 
:sa 003 " Reference to a standard titration curve for a strong acid and 
a strJng base (Kolthof and Sandell, 1945) shows that 99.99% of the 
hydroxyl ions have been titrated at this end point. 
Reagents. a. Hydrochloric acid, 0.200 H. 
b. Barium hydroxide, saturated solution. 
c. Nixed Indicator Stock Solution. This is prepared by a.dding 
2 ml of saturated Ba(OH)2 to 500 ml H20, in addition to 3 ml of brom-
cresol green (0.1% in 95% ethyl alcohol) and 2 ml of methyl red (0.1% 
in 95% ethyl alcohol). The sol~tion is then diluted to one liter with 
distilled water. The final so lution should be a dark forest-green 
color. 
d. Absorption Solution. 7.5 ml of saturated Ba(OH)2 is diluted 
to 100 ml with the mixed indicator stock solution. Saturated phenol-
phthalein (in 95% ethyl alcohol) is dropped slowly into the absorp-
tion solution until a permanent wine-red color is observed. 
e. Ferric Fluoride. Equal volumes of a 10% aqueous solution of 
ferric sulfate and a 4% aqueous solution of sodium fluoride are mixed 
slowly. This solution should be light brown color, reasonably clear, 
and have a pH of approximately 4.5. 
Procedure. The details of a tissue total carbon dioxide determina-
tion are as follows: 
. 1. Absorption tubes are fashioned from the appropriate parts as 
shown in figure 2. 
2. Two ml of absorption solution are pipetted into the absorption 
bucket, and 3 rol of ferric fluoride solution are pipetted into the 
centrifuge tube. The test tube bucket is suspended on the hook in the 
stopper, as shown in figure 1, and stopper is then forced tightly into 
place. The entire assembly is weighed to the closest milligram. 
3. Stopper B with its attached bucket is placed in a centrifuge 
tube containing some saturated Ba(OH)2 in order to protect it from 
atmospheric C02 during the sampling procedure. A 0.5-1.5 g tissue is 
r~pidly placed in the centrifuge tube containing ferric fluoride. 
The sample tube is sealed with its original stopper and weighed again. 
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A. Centrtfugetube, 2$ X 120 rom, 
thick-walled. 
B. No. 5 rubber stopper. 
C. Cut section of ordinary pyrex 
test tube, 12 X ,0 nun. 
D. Bare copper wire. 
E. Absorption solution. 
F. Ferric fluoride. 
Fig. 3. Carbon Dioxide Absorption Tube 
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Sample weight is equal to the difference between the weight of the 
tube in 2. and). Controls are obtained by exposing blank tubes to 
the atmosphere for the same length of time that the sample tubes were 
open. 
4. The gas-tight absorption tube from 3. is placed in a tension 
clamp as shown in figure 3. The clamp assembly is placed in a water 
bath at a temperature of 50° C and shaken vigorously for 4 hours. 
5. At the end of a 4 hour period of shaking, the samples are 
cooled and placed in the titration assembly shown in figure 3. The 
stream of CO
2
-free air passing through the needle B prevents the absorp-
tion of atmospheric CO2 by maintaining a CO2-free atmosphere in the 
bucket. 
6. The wine-red absorption solution, containing a white preoipi-
tate of barium carbonate, is titrated to a forest-green endpoint with 
0.2000 M HOl. 
7. Plasma total CO2 is determined by~~tiostituting a pipetted 
a liquot of plasma for a tissue sample mentioned above in section 3. 
Optimum sample size is 1.0 ml, but 0.5 ml samples are easily analyzed. 
Smaller samples, e.g., 0.2 ml, are measurable, but precision is drasti-
cally reduced. 
Calculations. The decrease of Ba(OH)2 concentration as a result 
of CO2 absorption is directly proportional to the amount of CO2 in the 
tissue sample, as shown above. The amount of HCl needed to titrate the 
solution after C02 absorption is inversely proportional to the amount of 
CO2 released from the unknown. In other words, a blank or control tube 
would require a maximum amount of HCl to neutralize the Ba(OH)2, while 
a tube which had absorbed a IB.rge quantity of CO2 would require a much 
smaller amount to reach the same endpoint. 
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A 
____ - ___ B 
------- C 
A. Metal bar, 2 3/Bn X In 
B. Heavy spring 
c.. Brass cylinder, 1 3/Bn 
in diameter X 1 1/2 11 high 
Fig .. 4. Tension Clarnp* Containing Absorption Tube 








fl.lZlZlI -.-- --.-.- - ---
___________ D 
------ -- .--.-- ...... ------- C 
A. Syringe microburet (l,azarow, 
1950) • 
B. No. 18 needle connected to 
compressed air source. This 
air is made CO2-free by passing it through absorp-
tion tubes containing 
A sca.ri te and Ba ry lyme • 
c. Magnetic stirrer. 
D. Glass-enc1osed stirring bar 
• ~~. Titration Assembly 
.. 101 .. 
The amount of C02 in a tissue sample is calculated from the follow-
ing formula: 
musclesam~le total CO2 • em! control .. ml sample) (HOI titer) 
in w~/kg wet weight • weight sample in grams 
The HOI titer is derived from the equationt 
Ba(OH)2 + 2HCI ~ &C12 + 2HOH 
One mole of Ba(OH)2 is the equivalent of one mole of BaC03, or one 
mole of tissue CO2- Therefore, one mole of HCl is equivalent to Qne-
half mole of tissue CO2• For example, the HCl used ina typical titra-
tion was 0.1983 normal_ In terms of carbon dioxide equivalents, one ml 
of HCl is equal to 198.3 .. 99.2 uM or CO2• This figure, 99.2, would 
- 2 
be the Hel titer referred to in the equation above for this particular 
normalitl of Hel. This titer may be derived by a direct, separate 
standardization of the HOl against standard base, Or by including 
standards in the tissue analysis from which the acid titer can be 
calculated. Experience has shown that either method is satisfactor,y. 
Plasma samples are calculated by multiplying the total amount of 
C02 found in the plasma sample by a dilution faotor. 
Errors. The accuracy snd sensitivity of this method for determining 
total CO2 in tissue are not limited by the chemical reactions employed 
in the determination, or by laok of precision in the meas~ingdeTices. 
The endpoint is extrem.ely sharp, and the syringe microburette is· an 
extremely precise burette and/or pipette. These two factors were studied 
by pipetti~g samples of the absorption solution with the s.yringe micro-
burette, and titrat:i,.ng the samples with 0.2 M HC1. The amount of absorp-
tion solution selected required the addition of apprOximately 360 )lL 
of Hel to reach an endpoint. Near the endpoint, the addition of only 
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1.5 fL of HCl produced a sharp color change. For this size sample, 
repeated titrations agreed with each other within ! l%,or lower, of 
the mean value of all the volumes of HCladded. 
The accuraoyand sensitivity of the method under the actual condi-
tions of sample analysis were studied by ana l~ing known amounts of a 
standard solution of Na2C03• A volume of the standard solution was 
pipetted into the sample tube, and the analysis was completed according 
to the directions above. The total amount of carbonate added was in 
the range of the total amount of CO2 contained in a tissue sample of 1 g. 
The results of these studies are given in Table 18 • Under operational 
conditions, the overall accuraoy is approximately :: 2% of the mean value 
of the determinations. 
Finally, the accuracy of the method was studied by analyzing paired 
muscle samples. In some experiments the samples were obtained by cutting 
the same muscle into two pieces; in other experiments, two different 
muscles were sampled. The results of these paired muscle experiments 
are shown in Table 19. Most paired samples agree within 5-10%, but 
some pairs are in better agreement. This value compares favorably with 
the 10-20% agreement found when paired muscle samples are analyzed by 
the manometric method of Danielson and Hastings (1939). 
Summary. The method is easily applied to the routine ana lysis of 
tissue samples. Only 5 minutes are required for the analysiS of each 
sample, as compared to the 20-30 minutes required for manometric method. 
Also, the method is very simple so that few samples are ruined by mis-
ta~es in procedure. The manometrio method is not reliable in this 
respect since one mistake in a long aeries of confUSing manipulations 
will ruin a sample. The applioation of the chemical method for CO2 de-
=10.3-
TABLE 18 
ReCOTe17 of Known Amounts of Sodium Carboaate 
bY' Chemical CO2 Method 
No. Conceatration. Concentratioa Range 
DeterminatioBS a dded (pM) found (pH)* 
standard No. 1 22 120,2 12.27 tL2.05 - 12050 
t 002.3 
Staadard 10" 2 18 15061 15038 ~5011 - 15.58 
t: .019 
Staadard 'No 0 3 61 16002 16014 ~5.90 - 16.33 
t or.Ol1 











Comparison of' Total carbon Dioxide ConceRtratioll8 
of Paired Muscle SaMp1e.1 
Experiment lumber 
2 3 4. 
Left ~lIp1e Sarap1e SaMple Sample Right 
Leg II 1 II 2 1/ 1 1/ 2 Leg 
lett (left (left (left 
leg) leg) leg) leg) 
12Q82 120.35 12052 14069 14003 12008 
11 .. 83 13052 13019 16(0) 15032 12051 
10069 11096 11088 llto95 14067 12088 
12011 12028 12074 13087 15010 12082 
13006 12073 13023 14049 14009 14081 
12052 12067 14036 14081 14002 
14073 14000 12060 
14040 14040 
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terminations in this laboratory for several hundred C02 analyses has 
been highly successful. 
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Appendix 2. 
General Form for Calculating Intracellular Electrolytes 
P • Plasma concentration (mEq/L)' 
I • Interstitial fluid concentration (mEq/L) 
T • Tissue conoentration (mEq/Kg) 
C • Intraoellular concentration (mEq/L) 
TI • Interstitial fluid of tissue ooncentration (mEq/Kg) 
INa • PNa X 1 / % plasma H20 X 0.95 
IK • PK X 1 / % plasma H20 X 0.95 
101 • POl X 1 / % plasma H20 X 1.05 
I H003 • PH003 X 1 / % plasma H20 X 1.05 
IH2003 • PH2oo3 X 0.98 
I oo • IH CO + IHCO 223 3 
TIH 0 • TOl / 101 (this value is now equivalent to L/kg tissue) 
2 
TlCO • TIE OX leo 222 
0H ° • TH ° -TIH ° (TH ° is L/Kgor % tissue H20 X 10 ) 
2 2 2 2 1000 
0Na • TNa - TINa 
CR ° 2 
Geo II Teo - TIco 2 2 2 
~20 
CpH • 6.1 log ~-co 
-H 3 
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The primary objectives of this research have been to study the direct 
effect of desoxycortioosterone aoetate (DCA) upon skeletal muscle electro--
lyte and amino acid conoentrations and to stu~ the effects of this ster-
oid upon musole aoid-base balanoe. 
It has been found that the primary ,·;effects of DCA. upon skeletal 
muscle, particularly the effects upen'Bodium movements, are masked by 
electrolyte shifts that are secondar,y to muscle potassium depletion. 
The muscle potassium depletion ,is caused by an aotion of DCA to promote 
potassium exoretion via the kidney and digestive tract. ~en muscle 
potassium losses were prevented in an eviscerated preparation, a direct 
effect of DcA to decrease cellular sodium was demonstrated in this tissue 
for the first time. In addition, direct actions of this steroid to in-
crease total muscle carbon dioxide and to cause an extracellular alkalosis 
were observed in experiments where no potassium losses occurred. Caleu-
i 
lations of intracellular pH based on data derived from carbon dioxide 
measurements reveal that oontrol anima.ls had a muscle pH in the viCinity 
of 7. DCA. treatment of both intact and evisoerated animals caused the 
muscle cell to become alkalotic. These experiments indicated that DCA 
exerts an effect upon muscle aoid-base balanoe in the absence of any 
changes in muscle potaSsium. 
In connection with the aoid-base studies mentioned above, two sub-
projects were completed. Firstly, a chemical method for the determina-
tion of total tissue carbon dioxide was developed and applied routinely 
for tissue analyses. Secondly, the possibility that some of the acid-
labile oarbon dioxide in muscle might aotually exist in a bound form, as 
advocated by Conway, was investigated. The results of these experiments 
showed that some carbon dioxide is present in a basic muscle extract 
which is not preoipitable with barium chloride. However, the magnitude, 
and in many experiments even the presenoe, of this "barium ... soluble " 
fraction was m.uch more variable than indicated by the data of Conway. 
Attempts to determine the nature of this fraction were generally un-
successful. Howeve~, the possibility that extracted protein might be 
acting as a suspension agent was eliminated by a series of ultracentri-
fuge experiments. 
Amino aoid studies failed to support the observations of other 
workers that basio amino acids~ particularly lysine, are mobile cations 
in muscle acid-base changes. No change in the concentrations of basic 
amino acids in muscle cells sufficient to counteract metallic cation 
deficienoies was detected. No reproducible changes in basic amino 
acids were observed following acid-base changes in the MUscle. 
